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The aim of the present work is to put forward a description of the electronic state in the 
cubic crystal based on combining the law of conservation with the symmetrical properties of 


the system. 


I*or a quantum-mechanical description of the 
electronic state in a crystalline body, a priori 
there are two possible points of departure. On the 
one hand, it is possible to consider the crystal as 
an entity and describe the electronic state within 
it with the aid of a space-periodic potential field 
and proper functions of the same space periodicity. 
On the other hand, it is possible to begin with 
the state of the free atom and consider its dege- 
neracy in the crystal 

In this case, for a description of the electronic 
state in the crystal, atomic functions would be 
used. Both methods are widely used in investiga- 
tions and each gives in its own sphere, in so far 
as is possible with the single-electron approxima- 
tion, satisfactory results 

When an electron finds itself in a crystal field, 
then the Schrodinger equation for it remains in- 
variant only under the action of symmetrical opera- 
tors of the crystal field In other conditions, the 
mean motion of the electron, forsaking invariance 
with Schrédinger’s equation will no longer be in- 
finitesimally transformed, which in its turn, leads 
to a violation of the ordinary laws of conserva- 
tion. Now the role of conserving quantities will 
be played by certain quasi-quantities, connected, 
as described previously [1], with the symmetry of 
the field of the crystal being studied 

We begin the investigation with “strongly-bound” 
electrons, for which the crystal field is adapted 
only by perturbation and the translation invariance 
of the Schrédinger equation is not so important 
The group symmetry of the Schrodinger equation 
describing the stationary state of the electron in 
a cubie crystal is represented as group Oy, [2]. 

In essence its constituent elements can be chosen 


as: 
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A,— rotation by 7/2 about the x-axis; B,— 
rotation by 7/2 about the y-axis; J — inversion 
relative to the origin of co-ordinates. 

Since A, and B, are not displaced with respect 
to one another, then the proper values of the 
appropriate operators cannot be determined simul- 
taneously, whence it follows that degeneration 
will take place. Therefore, in order to find the 
entire set of conserving quantities, it is neces- 
sary first of all to split up the elements of the 
O}, group into classes of conservative elements 
and to select the mean of their independents 

It is well known that any group of isolated ele- 
ments forms a class by itself. The character of 
this class coincides with the dimension of repre- 
sentation, that is with the degeneracy of the cor- 
responding level. Moreover, insofar as inverse per- 
mutation with all the elements of any point crys- 
tallographic groups is concerned then they also 
form a separate class. Proper values of the in- 
verse operator are equal to + ] and characterize 
eveness of state. Both these characteristics, 
scale and eveness, can be determined at one 
stroke and we will calculate them henceforth 
from already known quantities. Then it will be 
sufficient just to consider the class consisting 
of rotation by 7/2 about co-ordinate axes. If, to 
calculate the operator of the class, we equate the 
sum of the operators corresponding to all the 
elements re-entering the group divided into the 
number of elements in the class, then the equation 
for determining the proper values and proper func- 
tions of the operator of the class has the form: 


Kb =x Oni bi (1) 


where y (¢) is the character of the class, n; the 
scale of the representation. by such a form it is 
possible to say that the energy term in a cubic 


crystal will be characterized by a definite 
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degeneracy, a definite eveness and a definite 
proper value y of the operator K which are to be 
found by formula (1). Degeneration between states 
can be distinguished by proper values a of the 


a 
where /,, * i, are operators of infinitesimal rota- 
tion about the axes of x, y, z respectively. Since, 
by definition, the operator of the class considered 
may be expressed as 


TABLE 1 
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operator é, corresponding to the operation of rota- 
tion around the z-axis by an angle of 7/2. There- 
fore, in a cubic crystal, the possible types of 
energy state are as in Table 1. 


Therefore, in order to explain what kind of 
physical meaning the operators K, and C have it 
is convenient to represent them by infinitely small 
transformations. As is well known [3], the opera- 
tor A (t), corresponding to every finite motion, can 
be expressed by an appropriate operator of infini- 
tesimal transformation in the following form: 


A (2) =exp (xt), (2) 


where ¢ is the parameter of the transformation. 
thence the operators of rotation about the axes 
of co-ordinates through a finite angle u can be 
written in the form: 


A 


(u) = exp (/,u), 


A 


4 

A A 

B (u) = exp (yu), 
C (u) = exp (/,u), 


A A A 
K (u) = *% [A (u) + A (u) + 
A A A A 
+ B (u) + Ba (u) + C (u) + C+ (u)], (4) 


then, using (3) and recalling that the operators of 
infinitely small rotations are linked with the opera- 
tors which produce a moment of momentum about 


the axes [4] 
aA Fay 


A 
= ily, Lz = il;, (5) 


A 


A A 
L, ty, Ly 


finally we have 
K (u) = */, [cos Ly (u) + 


A A 
+ cos Ly u+cos L, ul, (6) 


and likewise 


C (u) = exp a (7) 


Consequently, it is possible to make the deduct- 
ion that the operator K (u) with the corresponding 
value y represents a certain conservation of phy- 
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sical magnitude, closely bound with the total mo- 
ment of momentum of the system and the operator 
C (u) with the corresponding value a is a physical 
quantity analogous to (but not identical with) the 
projection of the moment of momentum on the z- 
axis. Therefore, in order to determine the proper 
function of these operators, it is necessary to 
solve the equations: 


K (u) & (0¢) = xu (04), (8) 
C (u) b (04) = at (OW). (9) 


However, the solution of such a statement of 
the problem is connected with great mathe natical 
difficulties. In any case we are approaching the 
question by another method and especially we 
are attempting to determine in what way the spher- 


ical function, mn 
y" (0d) ie a Fs ER 


that is the proper function of the square of the 
moment of momentum of the electron in the atom, 
is satisfied by these equations. Our use of spheri- 
cal functions presupposes normalization. There 
are three ways of deciding the question and they 
are explained briefly below. 
(1) We expand operator (6) in a series of powers of 
u- vl i 
K(w)=1+% Y (-1« #"L,, 
K=1 ~ (2x) ! (10) 


where 


(11) 


Knowing how the op2rators L (i = x, y, z) influence 
the function re (m= —l1... +l), it is possible to 


determine the result of the action on these func- 
tions and operators L;** ( j = x,y, z). 
Subsequently it is possible to find the proper func- 
tions and proper values of the operatorsL x and 
likewise proper functions and proper values of the 
operator K (u). 
(2) It is well known that the spherical functions 
Y7(m=—1.... +l) 
transform in agreement with irreducible representa- 
tion D] of group rotation. Consequently, operators 
(3) together with others and operator Riu) in the 
form (4) can be represented by their counterparts 
in the representative matrix. Diagonalizing to ob- 
tain such a matrix for K (u) and finding its proper 
vector, we determine the proper functions and 
proper values of the prescribed operator. 
(3) The theory of the characters and representa- 
tions allows us at one stroke to indicate in what 
form a symmetrical group of wave-functions must 
be transformed under the influence of operators. 
Forming a linear combination of the form 


wv (05)= J On YT (06) (12) 


and requiring that they be transformed by a given 
irreducible representation, it is likewise possible 
to get proper functions of the operator K (u). 

Leaving out elementary and cumbersome calcu- 
lations we proceed merely to the final table of 
results 

The functions introduced in Table 2 are shown 
by proper functions of the operators (6) and (7). 
From Table 2 it is seen that one and the same 
proper value of these operators can satisfy certain 
proper functions. 


TABLE 2 
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TABLE 2 continued 
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Therefore in order to get proper functions satis- 
fying Schrodinger’s equation to the given pertur- 
bation problem and possessing the necessary sym- 
metry, linear combinations of functions must be 
set up belonging to one and the same proper value 
of equations (8) and (9). From the table it will 
likewise be seen that the energy terms differ in 
magnitude by 


1 
76 cos ju, (13) 


where n is the degeneracy and the state is the 
quantity 


exp (i pu), (14) 


where 


p= 0,212 (15) 


naturally called the projection of the quasi-moment 
on the z-axis. 

It is necessary to note that the proper functions 
introduced in Table 2 were first found by Bethe 
[5]. However he used the method employed in 
Section 3 and on that account the results did not 
have sufficiently explicit physical meaning. 

On the basis of all the foregoing explanation 
the following conclusions may be drawn. For an 
electron in a field of cubic symmetry by conserva- 
tion of magnitudes is shown the energy of the 
electron, the quasi-moment of quantity of motion 
by a description of operators of class K (u) and 
projection of the quasi-moment of momentum on the 


z-axis, by a describing operator exp(-iL, u) 

Exact but “non-linear” equations have been 
found for determining the proper functions and 
proper values of the quasi-moment and quasi- 
projection for an electron in the field of a crys- 
tal with cubic symmetry. An approximate solu- 
tion is produced to these equations and proper 
functions and values obtained corresponding to 
the conservation of magnitudes and by the same 
means the angular dependence of the wave func- 
tion of the Hamiltonian operator obtained for an 
electron in the field of a cubic crystal. 

A method is explained for determining operators 
conserving physical magnitudes for motion of an 
electron in a field of any (not necessarily point—) 
symmetry. 


Translated by S.C. Dunn. 
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THE MULTI- ELECTRONIC THEORY OF SEMICONDUCTORS - II 
FERROMAGNETIC SEMICONDUCTORS * 
Iu.P. IRKHIN and F.A. TUROV 


Institute of Physics and Metals, Academy of Sciences Ural Branch U.S.S.R. 
(Received 2 October 1956) 


The multi-electronic model of a semiconductor proposed in the work [1] is a generalized case 
of ferromagnetic crystals. Within the framework of this model, besides the charge excitations 
(Fermi and Bose excitons), spin excitations (ferromagnons) are liberated in turn, On approaching 
the energy centre of gravity of ferromagnetic electrons the activation energy and the effective 
mass of the excitons appear to be dependent on the spontaneous magnetization of the crystal. The 
following case makes it possible to explain the break in the curve In p(-z) observed in certain 


ferrites at the Curie point. 


(1) Ferromagnetic semicgnductors (e.g. ferrites) 
possess a very complicated electronic structure 
which causes trouble when they are considered in 
connexion with the multi-electronic theory. Con- 
sequently, in making a first attempt at this exami- 
nation, we shall digress from the real structure 
and adopt the simplest multi-electronic model of 
a ferromagnetic semiconductor, ending up as soon 
as we have described the magnetic and electrical 
properties of the crystal in its framework as linked 
properties of a single system of many interacting 
electrons. It is possible to obtain such a model 
by taking the general case of the model of a semi- 
conductor adopted in the work [1]. We shall 
assume that in the fundamental condition of the 
crystal in each loop of the lattice, besides the 
two “outer” electrons giving rise to a closed 
shell (the s-shell) related to the spin, there is 
also one “inner” electron with uncompensated 
spin corresponding to the unfilled d-shell of the 
isolated atom. Thus, at the lowest energy level, 
the spins of all the inner electrons of the crystal 
are parallel with one another. The transition of 
the s-electrons in the excited state (convention- 
ally, the p -state) of the given or other “loop” 
and also the reversal of the d-electron spin will 
be by elementary excitations of the system (by 
excitons and ferromagnons). Making these divi- 
sions of the electrons in the systems, we suggest 
that the first are fundamentally responsible for the 
magnetic and the secord for the electrical proper- 
ties of the crystal. The interactions between them 
are explained by the link between these properties 


[2]. 
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We shall investigate the energy spectrum in y 
the usual way for two different cases; for the low 
temperature region, where we shall use the method 
of quasi-particles, and for the temperature region 
approaching the Curie point which can be organ- 
ized by finding the mean energy from the relation- 
ship of the d-electron state to the given value of 
the spontaneous magnetization. 

(2) The energy operator of the system in question 
on introducing the secondary quantum, has the 
form:- 


A AA 
H=H4+¥L(a,a’)atay + 


(a, «’) 


pA, ALALA A 
F(a,; Loy Z1, 22) Qa Aug Qa) Aa’. 


Here a is the full set of quantum numbers, which 
represent the given individual state of the electron 
and appear as an aggregate cf three figures, a = f, 

A, o where f = number of loops of the lattice, A =0,1,2 
orbital quantum numbers, (corresponding to the s -, 
p-and d- states) and o = + 4, the spin quantum 
number; L (a, a’) are matrix elements, corresponding 
to the additive part of the energy operator (the kinetic 
energy and the energy of interaction of the electrons 
with the periodical field of the lattice); F (a,,a,, a, a, ) 
are matrix elements corresponding to the binary part 
of the energy operator (paired interactions of the 
electrons). 

In the low-temperature region we broke down the 
operator // by steps of small parameters, similar to 
the work we carried out in [1] but with this difference; 
an additional small parameter makes its appearance 
which is connected with the small number of spin ex- 
citations in the d-electron sub-system. Besides this, 
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the electrons are reckoned to have achieved the con- 
dition of quasi-homeopolarity:- 


Ay A 
% aj2.a;25= I. 2 (9) 


If we now introduce new operators of secondary 
quantum, for A = 0,1, according to [1], and for 
A = 2, according to [3], and omit in (1) expressions 
higher than the second order of magnitude, combin- 
ing calculations from [1] and [3], we finally obtain 
the equation; 


A A A 


A 
H=H,+H, + Hp, 


(3) 


that is, the energy operator is broken down into 
three independent parts. The first part 
A ALA 
HEA + js Aja(fs |’) are tprr2 + 
(f,f7; k= 0,1; 9) 


A, A “ A A 
a y {4 10:(/,f") jhe ajtoa + A 1o7(/; 1’) 200 a 
(F#F ;°) (4) 


after the Fourier transformation of f and trans- 
posing with respect to A, gives the spectrum of 
the Fermi excitons (“electrons” and “holes” with 
spin 4). Values of AAA’o (f, f’) are increased 
through the matrix elements L and F. Unlike the 
corresponding result in [1], the energy of these 
excitons appears to be dependent on the orienta- 
tion of their spins, which indicates a result of 
estimating the interaction between outer and 
inner electrons. 

The second part of expression (3), 


+ DIG) ot by + Be 87 3p + 


(Ff, 7) (f, 2) 


Ap =, 


1 


Ay A A A 
+ DC Git por + Bt 4 b)) 
(f) 
A A 
+ C* (/) Gy, sy + 8, — 407) 
(f) 


corresponds to two types of Bose excitations 
with spin ]: ferromagnons (operator br) and ex- 
citons with spin 1] (operator B fg). But in the 
case in question, these two types of excitation 
do not appear independent as the composite pro- 
ducts br + B fo enter into the bilinear form (1). 
So, after transposing the operator Hg we obtain 
two branches of the quasi-particle spectrum with 
spin 1, representing the elementary excitations 


of unit exciton—ferromagnon field. 
Finally, the following term in (3), 


A Rg ih 
H, = £2 + 3 [Diss (Pie + 


ys a) 


Agha e A A 
+ Do,;+(f, f bt tatiee + Dos; (7, f prs] (6) 


after transposing gives the energy of the excitons 
with spin Q, on calculating the interaction between 
the outer and inner electrons.* 

Thus, the energy spectrum of ferromagnetic 
semiconductors in the low temperature region, 
even in the framework of the simplest model 
suggested here, presents a very complex inter- 
weaving of branches of different types which cor- 
respond with the wide collection of quasi-partic- 
les of various sorts. Here there are Fermi quasi- 
particles, (“right” and “left” “electrons” and 
“holes” ) responsible for electric conductivity in 
the crysgal Bose quasi-particles with spin 1, res- 
ponsible for the basic magnetic properties and 
shewing a more complicated formation than the 
usual ferromagnons and finally Bose excitons 
with spin 0, whose existence seems to have a 
bearing on the optical properties of the crystal. 

On the basis of the electron spectrum obtained 
(3) it might be possible to investigate in detail 
and on a single diagram the larger series of elec- 
trical, magnetic, optical and other properties of 
ferromagnetic semiconductors. But we suggest 
that such investigation on the framework of an 
actual model hardly seems worth- while because 
we have omitted to estimate the real electronic 
structure of the now well-known ferromagnetic 
semiconductors. An actual model should be made 
in order to gain more information about real cry- 
stals. 

(3) We pass now to considering the second 
limiting case. We shall assume that the energy 
of ferromagnetic spin regulation kO, (O;,- is 





* Note that the magnitudes of A, J, B, C and D in the 
expressions (4), (5) and (6) have the following pro- 
perties: they do not depend on f when f ‘= f and they 
are functions of | f —f’| when f#f. Under these 
conditions the transposition of the bilinear forms is 
derived by the association of a Fourier transformation 
and a simple linear transformation. We do not set out 
the obvious form of A, J, B, C and D, by means of the 
matrix elements L and F, since the physical infer- 
ences which interest us have no bearing on it. 
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the Curie point) is appreciably less than the 
energy necessary to excite the s-electron sub- 
system. In other words temperatures near the 
Curie point, which appear higher relative to the 
spin excitations of the inner electron sub-system, 
we shall reckon as low relative to the charge ex- 
citations of the outer electron sub-system. In 
this case for the second sub-system, as before, 
the method of quasi-particles may be employed, 
and for the first sub-system the energy of gravity 
method may be employed. The method of energy 
centre of gravity consists in neutralizing the 
whole Hamiltonian system (1) under all conditions 
with a given value of the spontaneous magneti- 
zation of the inner electrons [3]. For this it is 
necessary to isolate a part of the operator (i) in- 
versely relative to the condition of the d-elec- 
trons and the number of fillings of the d-states 


Nido = Nfo = to afg 
by substituting their mean values 
<N fdo >mean = (1—20p)/2 (7) 


where yz is the comparative magnetization of the 
d-electron sub-system in Bohr magnetons, pro- 
duced in one atom. The Hamiltonian so obtained 
can afterwards be transposed in precisely the same 
way as that carried out in[1]. Asa result, for 
the energy of all systems we finally obtained an 


expression of a form 
E = E° (yu) + Ep. (uy) + Ep (uy) + Ep (py), (8) 


where Eg, Eg, and FF are total energies of the 
Bose excitons with spin 0, Bose excitons with 
spin 1 and Fermi excitons (spin '4) respectively, 
F° (yu) is a constant representing part of the 
energy independent of the number and distribution 
of excitons according to states, including the 
mean energy (e.c.g.) of the electron sub-system. 
The expressions Eg, , Eg,and Ef, analogous 
to the respective expressions in [] ] do not now 
include terms which account for the interaction 
with d-electrons. 

Here we write only the plain form of the energy 
of charge excitons Ey, then we shall further exa- 
mine the electrical conductivity of our system. 


E, 4. x eS (k, p) e. 


(i, *, ¢) 


Here gY (K, y) is the energy of the Fermi ex- 
citon variety i (i = 1,2, corresponds to the “elec- 
trons” and “holes” of the single electron theory) 
in the state with quasi-impulse K and spin o at 
magnetization of the d-electrons p, and n‘4) the 


corresponding term for filling these conditions. As 
the effective mass is approached ( and with p< 1) 
we obtain 


EL) (k, p) = a; — Qzjon + (B,—2icp) (ak), (10) 


where a$ and £; respectively are energies of activa- 
and magnitude, reciprocals of the effective masses 
of the quasi-particles when yp = 0 and a; + 8} define 
their change in relation to o and y and are linked 
with the interaction between the outer and inner 
electrons. 

Thus, on account of the “submagnetized” ex- 
change interaction of the outer electrons with the 
inner, the energy of activation and effective mass 
of the change excitons appear to depend on sponta- 
neous magnetization. Under certain conditions this 
effect can lead to an additional temperature relation- 
ship of electrical conductivity of ferromagnetic semi- 
conductors near the Curie point. 

Actually by carrying out the standard calculation 
of conductivity on the basis of the dispersion rela- 
tionship (10) we obtain 


a’ h au 
= C, — — , 
9G; i ©xp kT cos kT (11) 


where c; is a coefficient loosely dependent on tem- 
perature. 
If now we assume that aj 2K ©, then for T«< 0, 


= C; exp | 


and therefore 
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By comparing formulae (12) and (13) it is seen 
that when the Curie point is passed over, a change 
of angle of inclination of the straight line Inpi = 
f(1/T) occurs. The size of this effect depends 
on the relationship between a; and KO,,, and is 
greater than the strong action between the outer 
and the inner electrons. 

It is not without interest to note that this break 
(more precisely, rapid change of angle declination) 
of the curve of logarithmic conductivity at the Curie 
point is observed experimentally in [4—6] for 
several ferrites and magnites. 

In conclusion we express our thanks to 
S.V. Vonsovskii for profitable discussion. 


Translated by W.J. King 
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ENERGY OF THE ELECTRON IN AN ALMOST -PERIODIC FIELD ~ | * 
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It is pointed out how suitable almost-periodic function are in the theory of real 
crystals. It is shown that in the simplest almost-periodic field the energy spectrum 
of the electron will have two series of regions of permitted values of energy. 


(1). One of the most essential problems of the 
electron theory of real crystals, fluids and amor- 
phous bodies appears in the working of the mathe- 
matical methods used to determine the quantum 
state of the electrons in the field of ions, the con- 
figuration of which in one way or another differs 
from ideal crystalline structure. In single-electron 
theory of a crystal the effect of the regular undis- 
torted crystalline lattice is depicted by an ideally 
periodic potential function, the electron periods 
of which coincide with periods of the lattice. The 
effect of variously distorted lattices should be de- 
picted by the appropriate departure of these func- 
tions from the ideally periodic mode. It is pos- 
sible to check their influence on the electron 
state in some special cases with the aid of the 
method of small perturbations. This departure of 
the potential function from strict periodicity may be 
considered either as locally concentrated in small 
regions of the body, or as small differences of neigh- 
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bouring maxima and minima of periodic functions in 
the whole volume of the body. In this, as in other 
cases, the magnitude of the period of the lattice is 
preserved, in other words, itis assumed that the 
distortion is not connected with the displacement 
of the atoms out of the corners of the truly geo- 
metric lattice 

The use of periodic functions in the theory of crys- 
tals significantly facilitates the mathematical cal- 
culation of electron states. It is necessary, how- 
ever, to remember that in real crystals, containing 
different distortions and imperfections, the periods 
display only a certain average distance between 
atoms. The true configuration of the atoms does not 
coincide with the ideal crystal structure, it can 
only approximate to it under suitable conditions 
For a theoretical description of electronic proper- 
ties of such crystals, and especially structure- 
sensitive properties, (for example, electro-magnetic), 
it is necessary not to forcibly “periodize” the 
field of the ions but to make an attempt to use, 
as the potential function of an electron, an ap- 
propriate non - periodic function. 





Energy of the electron in an almost-periodic field ~ 1 


(2) The potential energy of an electron in a 
crystal consists of its energy in the field of every 
ion, that is 


V(x) = DU (x — (1) 


where x is the co-ordinate of the electron, X, is 
the co-ordinate of the nth ion. If the positions of 
the ions coincide exactly with the corners of the 
true geometric lattice, that is X, = n a (a is the 
constant of the uniform lattice), then the function 
V (x) will be strictly periodic 


V (x + na) = V(x). (2) 


What kind of properties must V (x) have if it is 
assumed that the positions of the ions do not coin- 
cide with the corners of the true lattice, but every 
X,, differes from n a by a certain amount (less than 
a), different for different n ? Values of the po- 
tential energy of the electron at points x and x + 
) will obviously be different; in view also of the 
limitations imposed on the distribution of the num- 
bers X,,, it is natural to allow that the difference 
1V (x + X,) — V (x) | for any n will not exceed a 
certain constant magnitude. This allows making 
the assumption that the function V (x) will be 
almost-periodic, the numbers X,, will be its near- 
period in accordance with a certain number e, which 
it is possible to specify in the following form, 


V(x + X,) —V(x)| <e. (3) 


Of course, for the calculation of the physical 
properties of real crystals for this or other cases 
it is necessary that the law of distribution of the 
numbers is a statement of the true configuration of 
the atoms in the crystal. To begin with, however, 
for explaining the general character of the elec- 
tronic state it is sufficient to confine oneself to 
only the same general properties of periodic 
functions. The justification of the following as- 
sumption about the almost-periodicity of the po- 
tential can be provided, of course, just by the 
agreement of the consequences with experience. 

(3). Thanks to the good treatment of the theory 
of the Fourier series of almost-periodic functions 
[1] the general character of the energy spectrum of 
the electron in an almost-periodic field can be ex- 
plained without difficulty [2].As in the “periodic” 
case in the energy spectrum of the electron there 
will be gaps, the width and location of which in 
the continuum of values of the wave vector, will 
be determined, suitably, by coefficients and 


fourier exponents of the almost periodic function 
V (x). 


It can be shown very easily that the choice for 


V (x) of the simplest almost-periodic function is 
V (x) = A, cosa, x + A, cos a, x, (4) 


where a, and a, are incommensurable numbers. 


In the equation 


_ he ay 


2m dx a "7 


+V (x) 9(x) = 
V(x) will be reckoned small compared with the energy 
of the free electron F =p?/2m and we apply the theory 


of perturbations for continuous spectra. For the 
wave function we have the well-known formula 


dpe (x) Warp dp’ 


’ 6) 
E(p’)—E (p) ' 





p(X) = bp(X) — 


where 


Wop = f yer (x) V(x) 08 (x) da; 


Va ee Cr) (7) 


bp (x) = 


substituting in 7,» V (x) written in the form 


PP 
V (x)= 
= Asfexp (i Th x) + exp(—i-t 241 x)|+ 


+L aAy|(exn(i2 24. 2) + exp (— 1 225)], 


(8) 
=" 


— A, {8(29g, + p—p’) + 6(— 29, +p—p’)} + 


we get 


Wop aa 


+ — Az {8 (29. + p—p’)+%(— 29,+p—p’')} 
(9) 


and consequently 


al Y) + 29, (*) 
m lE(p + 29,) —E(p) 





Y,(x) as dp (x) — 


$9 -_ 291 (x) 
E (p — 2q,) — E (p) 








Energy of the electron in an almost - periodic field ~ I 





af fem themyt | 
2 E(p+2q2)—E(p) E(p—2q2)—E (p) 
(10) 
This formula, for small A, and A,, is suitable for 
all values of p except 


p=+tq;+%.- 


To get a solution for these points it is suitable 
to check the degeneration of the unperturbed state 
in the direction p twice, then to combine the solu- 
tions, corresponding to the level E (p), in the form 


$9 (x) = aby (x) + Bb2, (x). (11) 

































































Thence by the standard method we get the fol- As is obvious from the calculation carried out 
lowing results : above the almost-periodic potential (4) warrants the 
for p=+4, existence of two series of successive bands of 
permissible energy values. The location and width 
1 P ‘ of the bands of one series in relation to the bands 
E=E(+4q,)+ 2 A; on (x) = a(dio, + %z,,)s of the other series can vary to suit the numbers 

1 - - q: 9, and A,, A,. 
E=E(+4)— “2 Ai; ¥ sq, 07 *0,..,— Yzq,)* A further contribution will generalize this result 
to the three-dimensional case, to settle the ques- 
a2) tion of the number of states and to formulate cri- 
teria for metals and insulators. 


- . A. — es 
E=E(+ 42) + fe P+gs (x) = “OF +4554); Translated by S.C. Dunn 


E=E(+4q,) — Ay: Vag (*) = 2 (Yigg — PFqy) 
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With the aid of the method of elemental] excitations developed by Bogoliubov and Tiablikov 
expressions are obtained for the magnetization and magnetic susceptibility of an anisotropic 


antiferromagnetic substance, valid for temperatures less than 7y (the Neel temperature) and 
in a series of cases satisfactory agreement is found with results of measurements on the mono- 


crystal CuCl,2H,0. 


We will calculate the magnetization per cubic 
centimetre of volume of an antiferromagnetic by 


the formula, 


L aie 
M = —(M' + M,) = 


where If? =—dF,/dH is the magnetization at 7~0°K 
determined by formulae (8) — (12) of [1]; nv is the 
average number of states occupied by the elemen- 
tal excitations v;V is the volume of antiferromag- 
netic considered which we take as a unit of 1 cm’. 
The magnetic susceptibility, determined in the 
usual way as the derivative of the magnetization 
with respect to the external field, is denoted by y. 
At low temperatures excitation occurs at the 
fundamental wavelength with a small wave number 
v because further on in the calculation it is pos- 
sible to use with sufficient accuracy an approxi- 
mate energy spectrum for small v. With this aim 
we will use the expansions of the quantities /,(v) 
and /,,(v) (see formulae (34) [1]) by powers of 
small v while limiting ourselves to the first two 
non-vanishing terms of the expansions of 


In Q)=Jy — os Jo) = Jyg — (2) 


Here a>0, 6<0 are certain coefficients propor- 
tional to the exchange integral and the number of 
interacting neighbouring ions if the influence of 
only the nearest neighbours is taken into account. 
The values a and f depend also on the type and 
parameters of the crystalline structure of the anti- 
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ferromagnetic. 

We examine the case of weak external fields 
0 <H<Hp parallel to the axis of anisotropy (that 
is the internal anisotropic field 14). From formu- 
la (8) of [1] it is evident that MP, = 0, if the ex- 
ternal field is found in a known bounded interval. 
For calculating M7 formula (36) of [1] is used for 
the energy spectrum of the elemental excitations. 
For determining (1) we have* 








Let the temperature be such that F,,/>47 , this 
will be true for all v, if k7 <2 (2uM4J])% ; using 
this condition, we neglect unity in the denomina- 
tors of the fractions of formula (3); we go over 
from summing v to integrating in space the wave 
numbers 4. The upper bound we will take as in- 
finite on account of the rapid decrease of the in- 
tegrated function; we will have in place of (3) 





*In formula (3) and in all subsequent formulae, relating 
to the case of a magnetic field parallel to the axis of 
anisotropy, p equals p,,. 


#We note that in so far as p takes N values (N equals 
half the number of all the magnetic ions in the volume 
V), then in place of V in all cases of change from sum- 
mation to integration it would be necessary to write V/2, 
However the half is compensated on account of that 

part of the energy spectrum which is obtained if, des- 
pite (2), the expansions /,, (v) are used at the upper 
limit of the variation in v [2]. 
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Quilt ( es 
ir’) et 
0 


where ¢(v),accurately as far as the term propor- 
tional to the fourth power of the wave number rp, 


is given by the expressions: 

e(v) = (av? + 5)”: 

a= 2) (a+ 4) + 2a, ~ 2s (a+ 3); 
b= 2uH ,J + (u#7 ,)? i 2pH J; j= Jie r 


— exp (— 


(5) 


The integral in (4) is evaluated in the following 


form: 


] =| exp = = (av? 4 oy| vdy = 
0 


(—}' { exp 2 2 gar l)ixdx. (6) 


1 


We denote by z= 2b2/kT >> 1 and consider the 
following integral representation of the modified 
Bessel function of the second kind 
mA K, (z) = (a 1)bexp (— zx) dx. 
: i 
Differentiating (7) with respect to z it is not diffi- 
cult to find 
t= 1(— 
a a 


and from (4) the magnetization and magnetic sus- 
ceptibility (V = 1 cm*) are shown to be 


’ nh>— 3» (9) 


ee _ QuHt 
a kT ont. 


‘, +\ 

A i (= ; 2° casket’ (10) 
we \a' atl @ 

assuming that z = 2b%/kT >1, asymptotic ex - 

pressions may be used for Bessel functions when 

the argument takes large values: 


K, (2) = Vi exp (—2); Ko(2) = 


= V< exp a(t =). (11) 


z) i (—} {— K,(z) + =K, ale) 


Then we get in place of (9) and (10) 


(1 + —) (97 


l6uH, 
ISkKT 


2aH 
i (1 ¥ 164H, 


a ) a0’) 
For H = 0 from (10) an expression is obtained for 
the residual magnetic susceptibility. The analo- 
gous expression for kT «(2p H4 J)% is obtained 
in the works of Tessman [3] and others [4]. As 
already mentioned, formulae (9’) and (10%) are 
valid for sufficiently low temperatures kT <2 
(2p HaJy23 however from (3) it is possible to 
get a general expression, valid over a compara- 
tively broad range of variation of 7. Effectively, 
we expand the fraction in (3) in a form absolutely 


convergent for all v 





E‘) *) 


kT (12) 


Further, changing from summating to integrating, 
after integrating the series term by term we get 


where [(b/a; 2b6%4n/kT) is defined by formula (8). 
The magnetic susceptibility is obtained in a gener- 
al form from the expression (13). 


ee 
a 


The first terms (n = 1) of the series (13) and (14) 
coincide respectively with the expressions (9) and 
(10), that is for (264/kT)>1 it is possible to 
limit ourselves to the first terms of the axpressions 
(13) and (14) (we remember that H< Hy, (2uH4J)%) 
If z = 26%/kT «1, that is kT >(2uH4J)% then 
again it is possible to approximate the series (13) 
and (14) by their first terms. Further, using the 
asymptotic formulae for K,(z) and K,(z) for small 
values of the argument 


4u? = 2nnH 
nN 

RT »Y coshy 7 
n=] 


t= 


= 
ep (14) 


K,(z) =In; K,(z)= + 
z z 


we get, neglecting the quantity (1/z)K,(z) in com- 
parison with (1/z*)K,(z) and assuming the approx- 
imations sin h.2uH/kT = 2uH/kT and cosh 2nH/kT=1 
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M.= p2H (kT); x= a (KT)?, (15) 


is 3 ry 
ntq? n*a? 
where a= 2J(a+|B|) + 2u4 4a. The dependence of 
the parallel magnetic susceptibility in the formula 
x = const. 7?, analogous to formula (15) was 
obtained in the work of Tessman [3], Kubo [4, 5] 
and Ziman [6] for 47 > (2uH4J)4. With such a form 
it is evident that from the general expressions 
(13) and (14) for magnetization and magnetic sus- 
ceptibility valid for 0 <H <Hp and 0<T< 7, for 
kT > 2(2QuH4J)%and kT K AQ, J)%the earlier 
well known dependence is obtained while in the 
general case we considered the influence of the 
first terms of series (13) and (14). It is possible 
to be limited only to the value AT ~ 2(2uH4J)%; 
then for the magnetization and magnetic suscep- 
tibility we get expressions (9) and (10), the vali- 
dity of which is now approximately extended over 
the whole range of temperature variation 0<7T< Ty, 
[t is convenient to rewrite expressions (9) and 
(10) in non-dimensional units; therefore we intro- 
duce a unit of energy linked with the threshold 
value of the field e = pH, = (QuH4J)%; we adopt 
h=H/Hn; t= kT/2uHn: as a unit of magnetic 
moment we take the quantity 


2u a | . 
2J (2+|6\) 


7.2 


and as unit magnetic susceptibility the quantity 
m,/H Then formulae (9) and (10) can be rewritten 
as 


ee 
m* = sinh— . 
t 


x =cosh~ {Ky i) + OK, = . (17) 


Here m* and y*, respectively are the magnetiz- 
ation and magnetic susceptibility measured in de- 
fined units. 

In Fig.1 the dependence of m* on h is shown for 
various values of r; it is rather close to linear. 

In Fig.2 the function m* (r) is depicted for vari- 
ous values of A; on it there are also plotted the 
experimental points taken from the experiment of 
Van den Handel, Gijsman and Poulis [7] to deter- 
mine the magnetization of the monocrystalline 
antiferromagnetic CuCl,.2H,0 and rewritten in the 
new units. From this, in accordance with the 


data [7] Hy, was taken equal to 65000 oersteds. 


[Ke (—)+ OK, (—}} ; (16) 
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Fig. 2 


From Fig. 2 it is evident that the theoretical 
curves, drawn to comply with (16) agree satisfac- 
torily with the experimental data right up to the 
Neel point, which for CuCl,2H,0 is Ty = 4.3°K 
(correspondingly ry = 4.58, since p = 4, * La * 
1.09 uB [7] In Fig. (3) the function x* (7) is 
shown for two extreme values of h. 

We now go on to a consideration of the case of 
the intermediate field Hp; < H<(2/p)J parallel to 
the axis of anisotropy. As already noted in [1, 8] 
M,° and y°, have non-zero values in the inter- 
mediate field, that is the parallel magnetization 
and magnetic susceptibility do not tend to zero 
when 7 + 0°, which fact does not stem from the 
essential statistical (quantum mechanical) calcu- 
lation [4]; this is conditioned by the ground 
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Fig. 3 


state of the antiferromagnetic — in particular in 
the proposed calculation following the method of 
elemental excitations developed by N.N. Bogoliubov 
and S.V. Tiablikov the ground state assumed was 
that corresponding to the least value of energy F, 
in the field H, < H <(2/p)J. As pointed out[1, 8] 
such a definition of ground state is justified by 
experiment; this, in its turn allows us to confirm 
that the results [3—6] have a bearing only in the 
case of magnetic fields not exceeding the thresh- 
old value H<Hp, that is to cases of weak fields. 
Considering external fields, having intermediate 
values H,<H<jJ we will start from formula (39) 
of [1] for the energy spectrum of the elemental 
excitations. Using expansion (2), we get accur- 
ately up to the square of the wave number inclu- 


Sive: 
EL) a 2el” x 
=2(2J(a+ [BI (l— 33 sl. (18) 


E{?) .— Del?) = 2 (4 J252 4 
+ 2/[x(1 +07) + 8) (1 — 36%] v2)> (19) 


In these expressions 0 <a <1 is determined from 
formula (28) of [1]; o= 0 when H=Hn; o=1 
when H = (2/yu)J by neglecting terms of the order 
of (H4/H) in comparison with unity, o can be ren- 
dered by the simple formula o = pH/2J 

Let the external field H/ > Hp, that is 0? < 1 


From the first portion of the energy spectrum 
(18) for the temperature dependent part of the mag- 


netization we have 


MO = 1 de 92s (a + Ip) 








m2 


60 (2/)? 





[2s (a + '3))* 


where it is known that 


| x8dx 
J exp (x) —1 
oor ) 


and neglecting higher order terms less than the 


= 1 (4)§(4) = a4, (20 


postulated magnitude of o. 
Using the second part of the energy spectrum 
(19) we get 


ds {’ 

Sees: eee 
| 
0 


2 (2J)* 
exp i v 4 


v? (av? + b) dv 
(Av? + B)* 








Here the following substitutions are made: 


= (1 3)a + (1 — 3c?) |B); 
(1 + 9") a + ( )|B | 2a 


If o?< 1 (field close to its threshold value), then 
it is possible to simplify expression (22), putting 
B +0 and A ~a+ 181; the integral (21) then 
leads to the sum of two integrals of type (20) and 
will have the form 


[x (1 —33)) (kT) 
(60 (27° 2 (a + j3!)°/3 





a) 
MM,’ = 





—— 


12 (a+ igi)? se 


1 (2/)* (kT) ! v2H 


(2/)? 


From formula (9) of [1] -and from (23) and (20) we 


have for the magnetization per unit volume 





M= — a ) j 
u2H m2 kT) 
+ 18] (AT) 


id __ (kT)? 
6 [2/ (2 + iB})|*? 


5 Qari) 2 } (24) 


The curve of (24) M(7) possesses a minimum at 


the point 
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© esti = 


Sige E (25) 


nk I8| 


At the same point lies the minimum in the curve 
of y(7) defined by the expression 


tay + 


H 








9 


rt 8] (KT)* kT)? 
im sail ea 8] (KT) or ) 
6 [27 (2 + |8/)| 7? 


5 Quyt(a+ i) 2 | (26) 


The presence of such a minimum was revealed in 
the experiments of Van den Handel et al. [7] by 
measurements of magnetization and in the experi- 
ments of Poulis and Hardeman [9] by measurements 
of magnetic susceptibility of the monocrystalline 
CuCl,.2H,0. If it can be assumed that 

(a+ |8|)/\|Q| ~1 then from the experimental 

value Tin = 3°K an estimate is obtained for 

J] ~0.7 x 10-8 erg the order of which agrees with 

a value obtained earlier [8 ]. 

In the other extreme case when o</J (that is 
uH<2J) formula (18) for the energy spectrum is 
of no use. Starting from the general expression 
(39) of [1] and 


using the nearness of o to unity we get 


for energy spectrum (see formula 


gE") J dE?) 
- — a ’ - — 4 om 
0H dH J 


Ey = 2 (24 [pi EY =2 (@ — [pi * 4+ 4/ 


(27) 


We will then have (V = 1 cmYafter a not-too-diffi- 
cult calculation 
1:3 utH (kT)"3 


(28) 
m? oF [2 (2 + |a))]"2 





(1) 
MM,’ = 


IBL(AT)’® | 
(2 (2 + gj°2 | 





l2f2@+]" 


[In evaluating formula (28) it is known that 


\ x?dx 
exp (x?) — | 
‘ p (x*) 


Formula (29) was obtained on the assumption 
thatkT «4J. For (28), (29) and formula (9) of 


(1] we have for the magnetization. 


~ 1°3. 


M= 








nf — (ef em 
2/ VATS” 9s (2 (a+ [ph] x 


wi age 
\ aT] loi @4a% 


LED | 


[2 (2 + 8)! | 





and for the magnetic susceptibility we get 


1,32 (kT)2 
me 29 (2 (2 + |p|”? 





xX = 


Now? fd, -\4 
ao | +8(Gr) | + 


ue 4] (kT)*P 
= (-4) [pe 
4n'/2 J AT] | 2 (2 (2 4p)" 


BLT) | | 
[2(2 +)" 





— 


(31) 


The 


expression (20) for us) remains unchanged; the 


We now consider the case when 0 <a <1. 


value of Mg calculated from formula (21) will be 


different; the magnitude 8 = 2/o? however, 
generally speaking is not small; the integral in 
(21) leads to two integrals of the following form 


oo 


I= | 
hf 


vdy 
(Avt + B)” 


—! 
sla ; (82) 


c wid 
I, \% 
| (Avt + B)” 
0 


2 (2J)* oni 


(A+ B)*—1 (33) 


kT 


Verifying that & 4 0 we expand the fraction to be 
integrated in an absolutely convergent series and 
after integrating term by term we will have 


aH - l 2npH \ , 
2J [2 + |ai]°? L- ms ( = 


(327) 





as 2nnH , 
(2) [2 + |p)? — nt 2 kT * (33’) 
n=] 
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For this the constants A and B used were obtain- 
ed from (22); the expression for A is simply 

A =a+ || (otherwise it could not be done) ;the 
integration is carried out after making the sub- 
stitution Bx” = (Av? + B)% and with the aid of the 
following relation 


oa 


{ exp (— zx) (x? — 1pdx = 


1 


ye 


pe t(2)T(p+ 1), (34) 


where Kp + y, (z) is the Bessel function of the 
second kind and imaginary argument, and I‘(p +1) 


is a gamma function. For mo we now get from (21) 


M) sg ine nH 


tr n? (2)°2 [(2—3|3)) 7, + 2/7,]. 


(35) 
where /, and /, ane defined by formulae (32’) and 
(33’). 

We consider in yarticular the case of formula 
(35). Let k7 <2pH; for such temperatures it is 
possible to use the asymptotic expression for 
large values of the argument of the Bessel func- 
tion Ay 

Tt 


K,(2)=()" exp (—2) 


\ 22 


Confining ourselves to the first and largest of 
the terms of the series (32’) and (33’) we get 
approximately 

1 pee? kT \"8 


eos 


(2) _ 
Me = — 





3/ ol) 3/ 
4x2 [a + [Bi]? 


BETH 1 — 38 \ 
oJ a+i6l ) . 





(36) 


If k? <2u/' using the asymptote for small values 


of the argument, 


once more convincing ourselves that the approxi- 
mate series (32°) and (33’) can be substituted by 
the first, largest terms, the formula for MO now 


takes the form 


l yw 


ng 
. dn? (2/)2 





3(x— SIRI) (KT)* (2) (KT)? 
(2U)"? (a + |Bi)"? (2 + |p)? 


| - (37) 


For the part of the magnetization which depends 
on temperature, making use of the expression (20) 


for um) and (37) we get 
es p2H 
T Ont [24 (2 + [pp]? 








Qn? (0,112 + 0,37 jl) ,, (KT)? 
| (kT)$— "|. (38) 


(27) * (2 + {Gl) Q | 0 


Making use of (38) in //, we get an expression for 
the temperature-dependent part of the magnetic 
susceptibility. To get the entire value of the 
magnetization and magnetic susceptibility it is 
necessary to make use as well of expression (9) 
in [1] for values of 4, and y. 

The case of the strong field p/i> 2J has been 
analysed in a sufficiently cicumstantial manner 
in the work of Tiablikov [2]. The part played by 
the anisotropic field 44 for pH > 2] > pHy is 
not essential. 

Now let the external field direction be perpen- 
dicular to the axis of anisotropy (that is of H,). 
We confine ourselves to weak and intermediate 
fields O> pH >2/J (1). The energy spectrum of 
the elemental excitations is defined by formula 
(40) of [1], which can be written accurately as 
far as the squared term in the wave number v as 


EX") = 2 ({2J (a + {3|) — 2ad — 257J (2 + |Bl) + 
4 234) ed]? + 
+ 2Jd( - s%) +42)", 

EQ) = 2 ([2] (2 + |Bl) + Qxd + 252/ (2 —3)f]) — 
— 237 )Bi d| v* + 


+ 2s7/(2) +d) + 2/d+d*}’*> (39) 


where* 
Bhi \ WHT iy TT 
d =H, (1+ 2 }; a oa 
3 a) 4J? 
Expression (39) can be written more simply in a 


general form 
ES"  2(Av2? + By"; E® = 2(A,? + B,)*- (39) 


where A, b, A,,.B, denote corresponding expres- 
sions in (39). We also adopt the styles 





*In all formulae in this section in which p enters it 


should be put equal to ju, 
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0A, . OB, 
oe ae 


OH (39°’) 


The definition of magnetization as a function of 
temperature by using the energy spectrum in the 
forms (39) — (39°) leads to a computation of integ- 
rals of the types (32) and (33) which can be set 


out as 


1,(A, B, 8) = 
oh eB” yer cs ) (9 =kT). (40) 


pain n 8 
30°B yw 1, /2nBK 
(A, 8, Oe =} KIS 
2A 2 — n2 
n=] 


) (41) 


where K,(z) are Bessel functions of the second 
kind and imaginary argument. For the magnetiza- 
tion pér cubic centimetre we get 


M, =— = lal, (A, B, @) +a,1, (Ay B,, 8) + 
+ b1,(A, B, @) +5,l9(Ay By ®)] (42) 


With the purpose of simplifying formula (21) we 
use the following approximate values of constants 


see (39), (39) and (39°’) 
wu? Ip aa 
B~B,~ 2H J; a= lasses a (2+ |Pl); 


b~— wis . 
J 


wH i 
A ~A,~2J (2+ |8)); a, =~ (2-33) 





b, = Qu?H. ) 


Then (42) is written in a more convenient form: 


u°H [Jlo (A, B, Q) oe 


x? 2 : 
—2|61,(A, B, ®)), 


and for the magnetic susceptibility we get: 


nein LA BR 


T nz J 
—2\611,(A, B, 0)). (44) 


We now consider particularly expressions (42 ) 
and (44). Let 0 > kT > 2(2uH,4J)%; this deter- 


mines the role played by the first terms of the 
series (40) and (41); leaving only these and 
using the asymptotic expression for the Bessel 
function valid for large values of the argument 
we get for the magnetization: 


ae eH of 2H al)” 
T 207/38 J kT 


[J (2eH.)"| 


— 609 A |- |. as 


kT [*— 
2J (2 + |8)) 


Differentiating (45) with respect to H we get an 
expression for the magnetic susceptibility. If 
kT > 2(2uH,4J)%, then once more the part 
played by the first terms in the series (40) and 
(41) is defined; leaving only these and discarding 
as small all the remainder and using the asymp- 
tote for small values of the argument of K,(z) 
and K,(z) we get for the magnetization and mag- 
netic susceptibility. 
sti uw [ 3|B(KT)* __(KT)* 
T  etlar@ + BP PLQG +16) 2 
yu SIBL(KT (KT)? 
x? [QJ (2 + |f\)]2 L(2/)* (2 + |B) 2 





| : (46) 





| (47) 


We recall that expressions (42), (42’), (44) - (47) 
define only the temperature dependent part of the 
respective quantities and it is necessary to aug- 
ment them with the values of the magnetization 
and magnetic susceptibility we get 
FA A. 4. nop? 
x =% — —— 
a + 

fr 3IBL(KT)S (KT?) 

at [2S (2 + IB))2* LQ) +ih) = 2 





i ite 
For kT « 2(2uH,J)%the temperature dependent 
parts of the magnetization see formula (45) and 
the magnetic susceptibility will be small in com- 
parison with the values of these quantities at 
T=0° K in accordance with formulae (11) of [1]. 
The magnetization and magnetic susceptibility in 
this case can be reckoned approximately as inde- 
pendent of temperature. 

For kT > 2 (2uH4J)%the temperature depen- 
dence assumes a more characteristic form; how- 
ever the coefficients in formula (46), defining the 
magnetization for kT < 2(2y H4J)%,have all an 
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even smaller value than evident in the analogous 
formula (24). 

We note that in the work of Kubo [5] in the 
second approximate method of Khol’shtein — 
Primakov for transverse magnetic susceptibility 
an expression was obtained in the form 


x = x9 —¢,7T? +0,T! 


(c,, c, are known coefficients) analogous to the 
form of the expression (48). As far as comparison 
is concerned with experimentally derived expres- 
sions for magnetization and magnetic susceptibil- 
ity it is necessary to point out that the experimen- 
tal data are rather contradictory although there is 
diffuse opinion about the independence of y+ and 
M+ from temperature. For example, for MnF, 
Griffel and Stout [10] found that y+ increased 

with decreasing temperature; later Bizzet and Tsai 
[4] working with the same compound, were led to 
the result that y+ was almost independent of tem- 
perature for, 7 < Ty. From an analysis of the data 
of Van den Handel et al. [7] on measurements of 
the perpendicular magnetization of monocrystal- 
line CuCl,2H,0 it follows that M+is weakly de- 
pendent on temperature (it is possible that in 
general it is independent). The perpendicular 
magnetic susceptibility of the antiferromagnetic 
FeF, investigated by Stout and Matarrese [11] 
apparently had a minimum in the yT) curve, 
which agrees qualitatively with calculation con- 
ducted here. With CoF, investigated in the same 
work yx“ rose rather sharply with decreasing tem- 
perature (7 < Ty). 


[In conclusion we note that it is impossible to 
demand good quantitative agreement between 
experimental data and calculation, because they 
embrace only the characteristic features of the 
real picture. 

As the present work, the work of Amatuni [1] 
was carried out at the instigation of S.V. Tiablikov, 
to whom the author owes profound gratitude for 
consideration, valuable advice and instructions. 
The author takes the opportunity also to express 
his gratitude to D.N. Zubarev for useful advice 
and consideration towards the work. 


Translated by S.C. Dunn 
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Equations are deduced for the probability of scattering of various types of wave due to the 
random interchange of atoms of different kinds at lattice sites, for the general case of a multi- 
component system with allowance for long distance order and correlation over all co-ordination 


spheres. 


One would under certain conditions expect to 
find identical equations for the scattering of 
\-rays. 


lattice of a solid, since in all cases the same 


electrons, neutrons, etc. by the crystal 


type of wave is scattered. Hence we should ob- 
tain a general equation for the intensity of 
scattering of different waves using corresponding 
This would not 
include scattering because of thermal or static 
4ttention is 


“atomic scattering factors”. 


distortions of the crystal lattice. 
paid only to heterogeneities of the concentration 
type. connected with incomplete ordering of the 
distribution of atoms at the sites of a geometri- 
cally perfect lattice. 

\ number of special cases of this type of 
scattering of X-rays [1-6], neutrons [7-10], and 
electrons for the problem of the residual electri- 
cal resistance of alloys [11-14] has already been 
considered 

The object of the present work has been to 
deduce equations for the probability of scattering 
of waves for the general case of a solid solution 
with any number of components, having in the 
lisordered state any sort of crystal lattice of the 
Bravais type, any composition and long-distance 
order, and also taking into consideration correla- 
tions in the replacement of sites of the lattice by 
atoms of another kind in all co-ordination spheres. 


BASIC EQUATIONS FOR THE PROBABILITY 
OF SCATTERING 


We commence by presenting the known equations 
for the probability of scattering (intensity) of 
various types of wave in a single form. 
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Scattering of X-rays. The intensity of scatter- 
ing of X-rays by a solid solution, expressed in 


electron units, can be written: 


exp lig, ( an — Ree’) , > 


where f,y is the atomic scattering factor of the 
atom at site x of the sth elementary cell, 
ae is the vector, defining the position of the 
site in question (P sx" R, + ha where R, is the 
vector proceeding from the first site of the first 
cell to the first site of the sth cell, and hy i is the 
vector proceeding from the first site of the sth 
cell to the xth site of the same cell); 9: -k ~k 
is the difference in wave vectors for the scattered 
and incident waves, is the number of elementary 
cells in the crystal, yp is the number of sites in 
the elementary cell. 

By introducing the mean atomic factor for sites 
of a particular species, a , it is easy to trans- 
form equation (1) into: 


J=)+ Js (2) 


exp ig, (R,, am Rsr.)| = 


N 
hi fe -¥ 


lin’ 


= 823 v iT exp (ig, (hi 
x,x'=] 


3 
l] 6 (?, —2zn,), 


{=! 
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N 
~ 


p 
AeJg=h XL a—iee —P) 


$,S'=1l2z, x=] 
exp lia, (R..—Rs-')| . (4) 


Here dy, = hh a,, where a, are the fundamental 
vectors of the elementary cell and Ny assumes any 
numerical value. J,,as we know, gives the inten- 
sity of the structural and hyperstructural lines 
and will not be considered further. J, = Jf = Jy 
defines the energy of the background on the X-ray 
spectrum, due to disorder in the interchange of 
atoms. 

Scattering of slow neutrons. Let us examine the 
case in which we can neglect the magnetic scat- 
tering of neutrons by electrons and their capture 
by nuclei. Then the probability of the elastic 
scattering of slow neutrons by the crystal lattice 
in the elementary solid angle dQ can be written 


as [7]: 
dw = — sy w As. exp (ids Roe)! + 


4x2*h3st 


S=I] x=] 


+— Ly S82 ja (ju + Uh (5) 


” as x=] 


Here m is the mass of a neutron, ¢, = (p) —p)/h = 
(k’ — k) where p’ and p are pulses of scattered 
and incident neutrons; 7 is the volume of the 
crystal; As, and Bsy are constants (for slow 
neutrons) characterizing the interaction of a 
neutron and a nucleus at site number sx (these 
constants obviously differ not only for atoms of 
different elements, but even for different iso- 
topes); jsx is the quantum number of the mech- 
anical moment of the nucleus at the sath site. 


Putting As, = = +Asy oy where , om 
is the average value of Agcy for isotopes of this 
element, the atom of which occupies the szth site, 
and assuming random distribution of isotopes at 
the sites occupied by atoms of the given element, 


we obtain: 


5 y As, — (i9, ReJl = 


S=] z=] 


N 


p 
»» As.A sex 


S,S’=l x, x! =] 


exp Ps (Rus —R,, ry? A\ Fe) y (As. —As:)® (6) 


S=l x=] 


The first term of equation (6) is analogous in 
iorm to equation (1), and can be represented as 
the sum of quantities analogous to (3) and (4). 
Since we are only interested in the intensity of 
the background, we shall not pay any attention to 
a component, similar to (3), determining the inten- 
sity of a line on a neutron spectrum. Then the 
probability of scattering, determining the intensity 
of the background, can be written: 


dw o= 
N mn 


——(o yy (yn — A) — AL): 


2pr- 
4r2h*- S, 5%] x, x! 


Oxp lig, (R R.. —Ry, 4 


4 
-~Nov. pe bh C5 C54 * (AS — Ajs)8 + 


am} 3<3" 


+ tanSo Powe sus fs (2) 


a=] 


where . is the average value of as over all 
the xth sites, cg is the relative atomic concentra- 
tion of the atoms of element a,¢ is the number of 
chemical elements forming the crystal; B is the 


relative atomic concentration of the isotope B in 


Ap, BR» and j are 


possible values of 45, Bs, and sx correspond- 


the element a ‘. CB = 1); 


ing to substitution of the site sx by the isotope 
B of the element a. 
Scattering of electrons. Let us write the equa- 
tion for the square of the modulus of the matrix 
element of perturbing energy, which is proportional 
to the probability of scattering electrons by the 
above indicated type of crystal heterogeneities, 
determining the residual electrical resistance of 
the material. According to the multi-electron 
theory, this square of the modulus, 
wave functions of the zero approximation of 
states n and m of the electron system, has the 


form [3, 14] 


composed of 


N 
Vom? = 1? > 


S,S’=ml x, 


var") 


(vt: ~. 
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Here // is the number of conductivity electrons, 


V2" = f exp (igst)Unm (7) Vax(7) de, (9) 


where &; and &; are vectors, respectively charac- 
terizing the states n and m of the system of elec- 
trons, Un (7) is a periodic function of the co- 
ordinates with the periods of the lattice, V sx (r) 
is the potential energy of the electron in the field 
of an ion at the site sx (Vs, = Vq if at the sath 
site there is an ion of the a species) and the inte- 
gration in equation (9) is extended over the (whole) 
volume of the crystal. 

These equations are first approximations and 
are correct if the Vg — Vg’ is small. 
In the one-electron approximation of the theory of 
metals the square of the modulus of the matrix 
element of the perturbing energy also has the form 
of equation (8), where we should put F# = 1, qs = 


> >? >, 
k’ _ k£ (k and &’ are the wave vectors of the elec- 
tron before and after scattering). 


Unm (1) = Ux (1) Use (7) 


where Ul, and UR, are the periodic parts of the 
corresponding Bloch functions). 

By comparing equations (4), (7) and (8), giving 
the probability of the scattering of different types 
of waves due to the lattice heterogeneities already 
referred to,one can reduce all these expressions 


to the single form: 
w= C(S + w) (10) 


where w is the probability of scattering per unit 
time in unit solid angle, C is a coefficient of 
proportionality, independent of the composition 
and the character of the displacement of atoms, 
which can be determined, if we take into consider- 
ation equations (4), (7) and (8) in each of these 
cases. 
N p 
S= SD (Fa—Fi) (Fias — Fe) 


S,S'am] x,x’=] 


exp [ig (Re. sia R,»,.+)| 


For scattering of X-rays: 


Fs. = fsx, g= 4; w’ = 0 


For the scattering of neutrons: 


while for the scattering of electrons: 


Fe, = V2", 9 =G3; w’ = 0. 


DEDUCTION OF EQUATIONS FOR THE 
PROBABILITY OF SCATTERING 

Let us transform equation (11) for S, determin- 
ing the probability of scattering of waves (10), by 
expressing S as the probability of replacing 
(atoms already jresent in) lattice sites with atoms 
of another kind (determined by the composition of 
the alloy and the long-distance order parameters) 
and the correlation parameters for all the co- 
ordination spheres. 

In the elementary cell of the crystal let there 
be A, sites of the first kind, A, of the second, and 
finally AQ of the Qth kind. Each kind of site L 
is defined by the corresponding a priori set of 
probabilities of filling it with atoms of a different 


sort: 


L L 
» Payerry De 


L L 
Pi, P2,-. 
Let us break up the S in equation (11) into two 
parts S, and S,, which are respectively the dia- 
gonal and nondiagonal components: 


r = =e 
>’ (F.. — F,) (For. — Far) 


N 
S, = 2! 


§,Ss'=m] x,x/=] 


exp [ig (Ru —Rerx')]s 
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where the primes (”) on the summation signs in 
equation (15) indicate that summation is carried 
out so that the site characterized by the numbers 
sx does not coincide with the site sx”. Let us 
first examine S,. Making the summation for s at a 
given x and expressing this sum by the avérage 
values |F 5, —F,,|? for the sites of a particular 


kind, we find: 


we obtain: 


S, — N Da > pe peel, 


a,al=] 


(a<a’) 


Aas! = Fi —F |? (19) 


and F is equal to the value Fs, corresponding 
to the case in which the site sx is occupied by the 
atom a. The quantities Aga’ can be assumed 
approximately independent of the kind of site L. 
This condition is satisfied completely for the 
scattering of slow neutrons, and with considerable 
accuracy for scattering of X-rays but not so well 
for the scattering of electrons. However in this 
last case in view of the assumptions about the 
smallness of the differences |,—Vg’| the con- 
dition is satisfied within an error of the order of 
the cube of these small differences [12, 13]. 

Let us now examine S,. Let us replace summa- 
tion with respect to s’ and x” for constant s and 
x by summation with respect to the ee p» 
proceeding from the site sx to all the s‘x’ sites. 
Let us summate first with respect to s with x and 
p constant, noting that for all components the 
term: 


— 


exp ig (Rs. — R10) == CXp (— iq p) 


is identical, and thus obtain: 


=N¥ 2 exp (— ig) 


x=] 





(Fy, —F,) (Fieae—Fy), (20) 


where the line indicates averaging over all the 
pairs of sites sx and sx’, the beginning and ends 
of the vector p, proceeding from sites of number x 
(so that in this averaging the species of the initial 
site L and the final one L’ is conserved). [ntro- 
ducing the probability pkLe(p) that there is an 
atom aat the L type of site, and an atom a’ at an 
L’ site, at a distance p, we find: 





(Fox — Fr) (Foret =F,.) = Fy, For: —FFy = 
=> [psa ( (e)—pipe |F.Pa. (21) 


a, 1! 
. . . od 2 
Determining the correlation parameters e£L- (p) 


by the relation: 


+ 


ens’ (6) = par (0) — pe ph, (22) 


we find: 


a, a=] 


» €0s 9p > feat (0) Fz Fa’. (23) 
Pp 


Here we replace summation with respect to x by 
summation with respect to x, and L and assume 
that each site is the centre of symmetry of the 
crystal, as a consequence of which after replac- 
ing exp (~ig p) by cos 9p — isin gp in the sum 
with respect to 2 we can discard the component 
containing sin Gp. 

Since S, is real, it can be written: 


xy y » cos gp 
aren 1 =i a, 
(F, " + F:F,’). (24) 


The correlation parameters are connected by the 


obvious relations: 
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ilence 


ft ce 0 [#2 (gh 
a - 
i nes 
(37>) 

If equation (26) is inserted into equation (24), 
and the sum with respect to a’ broken into a sum 
in which axa’ and one in which a>a’, and making 
in the latter the substitution aa, ve obtain: 


[ett G+ 


Let us deduce another equivalent form of this 
equation. Let us replace the sum with respect 

to p by the sum over sites of a definite species, 
lying in any co-ordination sphere. over the spec- 
ies of these sites and the whole co-ordination 


sphere. Then, changing the order of summation, 


we find: 


3 Q L ze Q 
25 Se SS 


rf) 


Lej] -., elev LH) 
ee 


~ td 
rere, :, 1) 


where 0¢ is the radius of the eth co-ordination 


sphere*, Pm, , is a vector running from the cen- 
tral site.(species L of number x) to the site of 
number m, 7’ (species L’ of the eth co-ordination 
sphere) and z,;’ is the number of sites of species 
L ind number x, of the elementary cells. 

From equations (18) and (28) it cin ve seen 
that if there is no correlation in the crystal and 
the correlation parameters can be equated to Zero, 
S,+0.Then the probability of scattering, S, reduces 
to S, 

If there is considerable correlation S, must also 
be taken into consideration. [hen the correlation 


parameters gees (oe) can be found approximately 





*If the correlation parameters for a given p but differ- 
ent 2s have different values, then the sites lying at 
the ends of the corresponding vectors will be arbit- 
rarily related to different co-ordination spheres. 


as functions of composition and temperature, 
using one variant or another of the theory of 
ordering, or else regarding them as empirical con- 
stants, describing the state of the crysval. In 
this latter case they (or some combinations of 
them) can be determined from a comparison of the 
observed distribution of intensity of the back- 
ground of scattered waves of any type with the 
equation obtained. After this the constants can 
be used for calculating the intensities of scatter- 
ing of other types of waves. 

In the case of binary crystals definite combina- 
tions of correlation parameters can be obtained 
by Fourier analysis of the intensity of the back- 
ground, as carried out by Cowley [4] for the scat- 
tering of X-rays by a disordered crystal. The 
quantity S, can be calculated theoretically, if the 
atomic scattering factors are known, along with 
the composition of the alloy and the longdistance 
order parameters (determined from the intensities 
of hyperstructural lines). S, can then be found 
from experimentally determined values of the 
background intensity. If ¢ is resolved into vec- 
tors of the inverse Bravais lattice for the dis- 
ordered alloy (simple lattice) b,, 62, 5;: 


q = 2n(xb, + yb, + zb,): (29) 


where x, y and z are some continuous variables, 
> > 3 > 

and pme, long the vectors a,,@, and a, of the 

Bravais lattice of the disordered alloy is 


> 


-> _ 
eL’ a,+ Vem, 92 f- V3mps ag (30) 


where the v’s are whole numbers) and since for 
binary alloys «LL — eLL | we can write equa- 
AB BA 

tion (28) as: 


So (x, 9, 2) = 
NAaB 
a a 7 OL! 
N LL’ 
me = 9 2, maw *s 
Lei x ml ent L%al 


L — 
exp ° [270 (*¥1m ue t+ yvem,,, 4+ 2Vem_,,)]. (31) 
Equation (31) is a Fourier expansion of the 


function S,(x,y,z)/N\ 4g A Fourier rearrangement 
yields: 
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y Bu ap (P,) = 


L=1 at 


1 
“a ae S» (x, = exp [—2ni (xm, 


000 


,+2sm,,,)] axdydz= 


exp |—2ri (xm at 


oe, dx dy dz. (32) 


L’ in in is determined by the species of 


site, to which the selected vector 


Yim, % Fem, 42 + ¥3m |, Aa 
runs from the site of species L and number x, 

and it is assumed that S,/A 4p does not depend 

on %,y or Z. 

The expression in the left hand side of equa- 
tion (32), which with the aid of this equation can 
be determined from experimental data, character- 
izes the correlation in the crystal and does not 
depend on the nature of the waves being scattered; 
a knowledge of these quantities for different Vamey’ 


Varies’ and Vem eff enables one to calculate the 


intensity of scattering of other forms of waves. 
On the other hand, the set of quantities indi- 
cated makes it possible in & number of cases to 
draw conclusions about the character of the dis- 
placement of atoms of any sort around an atom of 
a particular sort (for example, to determine a pos- 
teriori the probability of replacing atoms in lat- 
tice sites by atoms of another specified sort). 
Let us deduce in conclusion an expression for 
the intensity of the background on a Debye X-ray 
spectrum. For this we must average the expres- 
sion for S in different directions in the crystal. 


In such an averaging S, is not changed, but the 

* ° > > 
equation for S,, after replacing cos WPme,’ by 
its average value over sites corresponding to all 
possible orientations of the vectors q and Pmep’ 


has the following form: 


eL’ 


L=| ie em] L’=] 


sin gp 
| LL’ 1 Pm)» 


Eaa’ ( e 


(33) 

q (mers 

The modulus of the vector 9 is q =(47/A)sin 9 

where 20 is the angle of scattering of the radia- 
tion of wavelength A. The equations deduced 


will be applied to actual structures in a separate 
paper. 
Translated by R.C. MURRAY 
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Making a more exact model of ferromagnetism of s -electrons of nickel permits the experimen- 
tal data to be explained for saturation magnetization, paramagnetic susceptibility, and the factor 
of spectroscopic resolution of various nickel alloys. It is shown that it is possible to verify the 
correctness of the original aims of the theory by measurement of the factor of spectroscopic reso- 
lution and paramagnetic susceptibility in the alloy Ni,Mn. 


STATEMENT OF THE PROBLEM bution in nickel is selected so that the resulting 
magnetization may be in agreement with experi- 
In the article [1], the author examines a model : ‘ 
; : ment — 0.6 4 p per atom. Of this, 0.47 wp is on 
in which the s- electrons make a substantial 
sap ma the d-electrons and 0.13 pp on the s- electrons. 
contribution to spontaneous magnetization of B 
metals. In order to simplify the investigation, 
it is assumed in all cases that, in the s- zone at 
absolute zero, the electrons are held only by 
right-hand (clockwise) spins, i.e. that the s- 
electrons are magnetized to saturation. Now it 








is obvious that at a large concentration C, of s - 
and d-electrons, when the d-zone is near to be 
filled up, this condition must be upset. Firstly, 
beginning with given values of C, in the d-zone 
there simply are not sufficient void places for 
the disposal of all electrons with former left 
spins from the s- zone. In the second place, 
because of the small over all spin of the d- 
electrons, the energy contribution of the positive 
s-d exchange interaction may be insufficient 

to magnetize the s-electrons to saturation. As 

a result, the s-zone is only partially magnetized, 
so that C increases with increase in temperature 
and the growth of magnetization gradually falls 
to zero. In Fig. 1 (a), the distribution of elec- 


trons for nickel at high temperatures is shown; 
in Fig.] (b), for nickel at absolute zero; in Fig 1 (c), FIG.1. Electronic structure of nickel and its alloys. 


















































for an alloy with mean electron concentration of say, a—nickel T> 0 


b—nickel T=@K 


10.6 The electron distribution for the magnetic con- 
c — anickel alloy C= 10.6 


dition of nickel is thus chosen empirically in order 


to obtain the best agreement with experimental data 
This selection is not well-defined, but the 


reason for it can be obtained from quantitative 

SATURATION MAGNETIZATION AT theory or from independent experimental data 
ABSOLUTE ZERO If to the unsaturated zone of nickel 0.6 of an 

i Poh electron is added in any way, then the distri- 
As is seen from Fig. 1 (b), the electron distri- bution of electrons figured in Fig.] (c), is set 
up; i.e. the ferromagnetization disappears. In 
* Fiz. metal. metalloved. 4, No. 1, 36- 40, 1957 the usual zone picture [2] it is supposed that 
[ Reprint Order No. POM 6]. such an electron “addition” occurs during the 


for nickel and its alloys. 
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solution of some elements in nickel because 
of the passage of valent electrons of these 
elements into the d-zone. Each electron must 
therefore decrease the magnetization of 

saturation of nickel by one Bohr magneton, 

and this can be used very simply to explain the 
relationship of the decrease of atomic magnetic 
moments to the number of valency electrons in 

the dissolved element. In Fig.2 a graph is pre- 
sented, constructed by Neel [3] from Sadron’s 

data [4], which illustrates this relationship. 
Changes of atomic magnetic moment are set 

along the ordinate axis, and are arrived at 

by extrapolation to 1 per cent dissolved element 
content. A similar explanation of the observed 

law can be given, using the model we give later as 
a basis. In point of fact, when transition takes 
place between states, represented in Figs.] (b) and 
(c), filling 0.47 of the vacant spaces in the 3d- zone 
and 0,13 spaces in the 4 s-zone must take place 
i.e. for disappearance of the ferromagnetism 0,6 of 
an electron per atom is also required and each elec- 
tron in excess introduced by addition extinguishes 


a Bohr magneton. 


Aus 
6 
































2 4 6” 


FIG.2. Change of the atomic magnetic moment of 
nickel on addition of alloying elements with various 
numbers of valency electrons. 


THE CURIE CONSTANT 


As the experiments of many investigators 
showed, (e.g. [5,6]) the paramagnetic suscep- 
tibi lity of nickel and its alloys above the Curie 
point can be written as the following formula: 


si C 
L™ ke Ta] 


tlere C = the Curie constant 
© = The paramagnetic Curie point, 
X, = a term independent of temperature. 


The Curie constant for the case where the para- 
magnetism dependent on electrons with s = 4 


and g = 2, takes the form [2]: 


where n, = number of electrons taking part in 

the paramagnetism. The magnitude of the con- 
stant C for a gram-atom of material, each of the 
atoms of which has the magnetic moment pp 

equals 0.375. The experimental value of Cy, 

for a gram-atom of nicke] equals approximately 
9.322 [1]. Hence it follows that for nickel 

the number of electrons taking part in the para- 
magnetism above the Curie point = 0.86 in con- 
trast to 0.6 obtained from low temperature 
ferronfagnetic determinations. As was indicated 

in the work [1] this disrepancy which takes place 
in all ferromagnetics is disposed of by means of 
the hypothesis on the ferromagnetism of s-elec- 
trons. If it is also assumed that the s-electrons 
are inagnetized to saturation then for iron and 
cobalt the agreement'with experimental values 

of Cy is good but for nickel not so good. In 

the present article, for nickel and its alloys 

with large values of C partial magnetization of 

the electrons in the s-zone is assumed (Fig.1(b). 
This indicates that in paramagnetism subject 

to the Curie—Weiss law not all the electrons 

will take part, and only those which can be transferred 
to the zone under the action of exchange forces. 
Their number = 0.26 electrons per atom, in 

Fig.1 (a), they are marked by double-hatching. 

If 0.6 of a“hole”is here added to the d- shell, 

then 0.86 of an electron takes part in the para- 
magnetism, which agrees with the experimental 
value. Full confirmation of these figures was 
obtained due to the fact that selection of 
electronic structure was arbitrary. Now it is pos- 
sible to put the proposed model to the test on the 
independent experimental data. We shall put the 
following question: how will the paramagnetic 
atomic moments change or the Curie constant 

of nickel alloys in relation to the concentration 

of the dissolved element and the number of 

valency electron change? In Fig.1, it is seen that 
on transition from electron concentration 10 (a) to 
electron concentration 10.6 (c) all of the 0.86 elec- 
tron per atom is driven out from the part in the tem- 
perature-dependent paramagnetism so each electron 
introduced in addition extinguishes the magnetic 
moment, not of one electron, as that has a place for 
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magnetic saturation, but 0.86/0.6 = 1.43 electron. 
This happens because, when electrons are added the 
3 d-shell not only fills up but also falls down below 
the 4s-shell. If the drop of the 4s-shell occurs 
linearly i.e. with increase of C the comparative 
concentration of s and d-electrons taking part in the 
ferronagnetism does not change; the high result will 
be correct not only in medium but also in small 
changes of concentration of dissolved elements. 
Thus it follows that tue magnitude of the change 

of the Curie constant is extrapolated up to 100 

per cent of tie dissolved element content; for one 
valency electron this change must be equal to 

0.375 x 1.43 = 0.536. In Fig.3 landers’ data 

are presented, developed by Neel [3] from which 

it follows that the experimental value of \ C4 = 
0.513. The agreement is sufficiently good for 
\landers’ data can only guarantee the first figure 
after the decimal point for \ Cy. 


THE SUSCEPTIBILITY INDEPENDENT 
OF TEMPERATURE 


Reverting again to Fig.] (a), which shows the 
distribution of electrons in nickel above the 
Curie point, it is shown that in the s-shell there 
are also electrons, indicated by the usual hatch- 
ing which must approximate to free electrons in 
a degenerated condition. Naturally, it can be 
suggested that this part of the s-electrons is 
nerely responsible for the appearance of the tem- 
perature - independent term in the paramagnetic 
susceptibility. In other words, the component 
X,,in formula (1) is dependent on electrons which 
do not take pirt in the ferromagnetism, and con- 
sequently, from its origin, it is analogous to the 
usual paramagnetism in metals, although its mag- 
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FIG.3. Change of the Curie constant of nickel on 
addition of alloying elements with various numbers 
of valency electrons. 


nitude must depend on positive exchange inter- 
action. Based on this proposition, a number of 
conclusions can be drawn on the behaviour of X , 
in nickel alloys. As the usual number of s-elec- 
trons above the Curie point is approximately con- 
stant, by estimating the increase of the number 
of s-electrons taking part in the ferromagnetism, 
X ;, must inversely decrease. The degree of 
spontaneous magnetization of the electrons in 
the S-shell can be judged from the change of the 
atomic magnetic moments nf or of the Curie con- 
stant C. Experimental data agree with those. 
From Manders’ [5] estimations it follows that 

in all alloys where the magnetic moment falls 
sharply with increased concentration of alloy- 
ing element, the magnitude of \, increases with 
that concentration. (Ni-Al, Ni—Ti, Ni—Si, 
Ni-Sn, Vi-V, Ni-Sb, Ni-—Vo, VNi-V). The accu- 
racy of the determinations and the region of tem- 
perature change in Vianders’ experiments were 
inadequate for small changes or decreases in the 
value of Xx; for nickel to be made out. So, con- 
cerning conditions of small decrease (Ni—Au, 
Ni—Pt), constancy (Ni—Pd) and increase (Ni—Mn) 
of the magnetic moment, the conclusion can only 
be drawn from his data that the value of X, did 
not appreciably increase in comparison with the 
value of X, for pure nickel. This conclusion 
can also be made on the basis of data from the 


paramagnetic measurements of loch [7] for the 
system Ni-Fe and Peschard [8] for the system 
Ni—Co, where the magnitude of x, must de- 
crease. Finally, carrying out the measurements 
in a wide temperature range for the system Ni- 
Fe Fallot [6] established that the magnitude of 
X,,-actually falls with rising concentration of 


iron. 


THE FACTOR OF SPECTROSCOPIC 
RESOLUTION 


It is known [9] that it is possible to determine the 
relationship of the magnetic to the mechanical moments 
from experiments in ferromagnetic resonance; this 
factor is called “snectroscopic resolution” g and, as 
atule, is greater than two,which can be explained by 
the characteristics of spin-orbital interaction. Cal- 
culations show that in the first approximation the in- 
crease of the spectroscopic resolution compared with 
its magnitude for a free electron works out at equal 
to the decrease of the gyromagnetic relationship »’ 


tuo Baw” (2) 





The electronic structure of nickel and its alloys 


The spin-orbital interaction must strongly affect the 
magnitude of g for d-electrons, but for s-electrons 
weakly linked with the lattice must be reckoned as 
equal to 2. In this case, the spectroscopic resolution 
factor will be dependent on the respective concentra- 
tions of s-and d-electrons taking part in the ferro- 
magnetism, and this relation is expressed in the 
following formula 

g = (l-x) gd + xgs (3) 


where ¢ = the experimental mean value of the spectro- 
scopic resolution factor, x depends on the concentration 
of s-electrons, g7 and g, are spectroscopic resolution 
factors for /- and s-electrons, respectively. 

The work of Standley and Reich [10] recently appear- 
ed in which were estimated values of g for nickel and 
its alloys with copper, aluminium, antimony and man- 
ganese. The first three elements comprise a group in 
which the relative concentration of s-and d-electrons 
does not change with change of alloy content. Inreality, 
the experiment indicates that in nickel and the systems 
Ni-Cu, Ni-Al and Ni-Sb the magnitude of g is con- 
stant and is equal to 2.19 + 0.02. Since for nickel 
x = 0.217 and assuming that ¢, = 2.0, we find from for- 
mula (3) that g7 = 2.24. It is a different matter with 


the system Ni-—Mn. Here with increased concentration 


of manganese, an increase in the number of s-electrons 
taking part in the ferromagnetism occurs, with 0.13 up 
to a limiting value of 0.3-—0.35. Up to this time the 
number of d- electrons has increased to a smaller ex- 
tent since part of these electrons are oriented anti- 
parallel on account of the negative interchange re- 


action between the d-shells [1]. So the relative con- 
centration of s-electrons must increase while the 
value of g decreases. The increase of » was found 
experimentally to be 2.19 + 0.02 for pure nickel 
and 2.11 + 0.02 for an alloy with atomic per cent 
content of 13.5 of manganese. At this concentration 
of manganese the magnetic moment of the alloy is 
approximately equal to that of nickel [10]. Assum- 
ing that all of the 0.3 of the electron takes part in 
the ferromagnetism, i.e. that x ~ 0.5, we get from 
formula (3) a value 2.12 which agrees with the ex- 
perimental. It is interesting to note that on further 
increasing the manganese content in the alloy the 
factor gmust be increased anew. [or the well-defined 
alloy Ni, Mn the atomic magnetic moment approxi- 
mately equals pI p per atom [1 ]. The maximum 
value of the magnetic’s -electrons is 0,3, there- 

fore the magnitude of g cannot be lower than 


29 


2.17 + 0.02 for this alloy providing the constant 
of spin-orbital interaction does not change, only 
probably little. This discovery from experiment 
that g increases demonstrates the role of s-elec- 
trons in ferromagnetism. Investigation has a 
significance in discovering the course of ferro- 
magnetic susceptibility in well-defined and dis- 
persed conditions. In the first case, the Curie 
constant will be greater (its magnitude must be 
estimated by the formula in the work [1] ) X;, 
must equal zero. In the second case, © must 
sharply decrease and X, increase. Coupled 
with the need for further measurements of ¢ for 
nickel alloys, the following comment should be 
made. In his recert works, Scott [1] ] has shown 
that the relationship (2) is fulfilled for iron and 
nickel if measurement of the gyromagnetic rela- 
tionship is carried out on the sampie under 

small magnetization. In particular for nickel he 
obtained a value of 2~g’ = 0.199 + 0.002. Since 
the accuracy on the series here is higher than in 
the resonance experiments, it might be interesting 
to make corresponding measurements on alloys 


of the system Ni—Mn. 


Translated by *.J. King 
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Some time ago the work of C, Roberts appeared 
(C. Roberts, Phys. Rev. 100, 1667 (1955). ) in 
which concentrations of d-electrons of certain 
transition metals were calculated from optical 
constants. For nickel the number of empty spaces 
in the 3d- zone proved to be equal to 0,47, which 
agrees with the value put forward above. 
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Fiquations are derived for the calculation of magnetic intensity where there are unsettled pro- 
cesses in the thickness of a ferromagnetic slab upon the action of it of exponentially increas- 
ing, saw-tooth pulse, square-topped pulse or sinusoidal magnetic fields. 


An extensive literature has been devoted to the 
problem of studying surface effect in ferromagnetic 
bodies upon the action on them of a periodic magnet- 
ic field (in a settled state) [1-5]. Surface effect 
where there are unsettled processes has also been 
considered in a number of works [1, 2, 6, 7, 8]. 
Arkad ‘ev [2] and Neiman [1] solved the problem of 
the penetration of a plane electromagnetic wave into 
the ferromagnetic half-space for the case of sudden 
change in external magnetic intensity where there is 
constant permeability. Tikhonov [6] solved an 
analogous problem for a uniform cylinder taxing mag- 
netic strength into account; Taksar and Plume [7] 
solved the problem of the occurrence of magnetic 
field in two infinite, round, concentric and conduc- 
tive cylinders of unequal permeability on the sudden 
application to these cylinders of a longitudinal mag- 
netic field, and of the occurrence of magnetic field 
in an infinite, round and conductive cylinder on this 
cylinder being placed in a longitudinal magnetic 
field that changed according to an exponential law. 

In this work the transitional electromagnetic pro- 
cesses are calculated in a parallel slab 26 thick of 
infinite length and of infinite width, of material with 
constant permeability and specific electrical con- 
ductivity y , on it being subjected, starting from a 
certain time t = 0, to the action of an external uni- 
form magnetic field He - f (t), varying with time 
and parallel to the planes bounding it. [he prob- 
lem is solved for the following partial cases: 

(1) He varies according to an exponential law; 

(2) He has the form of square-topped pulses; 

(3) He has a saw-tooth pulse shape; 
(4) 


H, varies according to a sine law. 
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From the conditions of symmetry of he problem 
it follows that the eddy current field in the whole 
of the external area, including also the boundary 


planes of the slab (both its surfaces) is zero at all 


points of time, just as in the solutions given in 
reference 2 and others. 

Consequently it can be reckoned that eddy cur- 
rents do not exert any effect on the boundary con- 
ditions in the problem being considered and this 
simplifies their solution considerably. ** 

The required function H (z,t) must satisfy Maxwell's 


equation 


my 


with the boundary and initial conditions 
H#( 26,0) ¢ J); H&, 0) = @. 


tlere f(t) is a fixed part-continued function. 
l'o solve (1) ve shall use the method described in 
work [1]. The result of the solution of the equation 


O7u 
2 — 
r = 


satisfying the boundary and initial conditions 
u(+6,t) = 1, u(z,0) = 0, 


is a function of the type 





** If the external variable field is not parallel to the boun- 
dary planes of the slab, then on them appears a field 
created by eddy currents, which has to be taken into 
account in the boundary conditions. 
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y= a! g +) exp (a;,t), 
7 
(n + $) (3) 





n=0 


2 

27 

a? = \2(n +2 pg 
n 2 = 
oO 


The required function may be found, according to 


Duhamel’s theorem, from the expression 
t 


shader u(z, t-r) f(r) dr. 
ol 

0 
We shall employ equations (3) and (4) in the solu- 


(4) 


tion of partial problems. 

(1) We shall find H(z, ¢) in the thickness of a 
slab when it is magnetized by a longitudinal mag- 
netic field whose intensity varies according to the 
law 


H (+6, t) = Hy[l — exp (—«t)]; H (+5, 0) = 0.(5) 


Inserting (3) and (5) in (4), after calculating the 


corresponding integrals, we shall have: 
y 


n=0 


H(z, t) = H,[l-exp(-at)]- 


Hoa 
17 


sin (n +2 (z+ 8) 
‘6 


1 
n+, 





- [exp (—at) -exp (— - r 


where OS ¢ S$ ~; —O52z5+5. 











FIG. 1. 


In the graph in Fig.l are shown the qualitative 
characteristics of the curves of the function of the 
first item (curve 1), of the second item (curve 2) 
and of H(z, t) (curve 3). If z= const. and ax @ 
vanishes first, curve 2 reaches a minimum at a 


certain ¢ =~ ¢, and then rises, tending to zero at + ». 
The curve H (z, t), obtained by algebraic summation 
of the ordinates of curves | and 2 at the correspond- 
ing points, increases monotonically, then its 
increase is retarded through the equalizing influence 
of the eddy currents (in the time interval at which 
the curve passes through the minimum), after which 
it continues to increase monotonically, tending to 
a final value H, for any —S5S zS +S andt> x 
(stationary state). 

(2) We shall calculate H (z, f) for the case when 
the external field consists of a number of saw-tooth 


pulses separated by pauses (Fig.2): 


. kf for all J3(m-1) << Gane] 
H(+5, = 
O for all am.) <h<dam, 


We shall denote the pulses by odd numbers — 

1, 3, 5, ..., 2m—1 and the pauses between them by 
even numbers 2, 4, 6, ... 2m—1); correspondingly 
we shall represent the length of the pulses by ¢,,,_] 
and that of the pauses by ¢,(,.]) (they are not 
generally equal to one another). 

We shall represent the time from the starting 
point of the process by ¢. It is not difficult to 
write an expression for H (z,¢) for any final number 
of pulses and any number of pauses in the system 
of representation described. Inserting (7) in (4), we 


shall get an expression which is valid for any final 


oo ; 1 
a, sin(n + 
‘4 n 

+ 
n=O 


= exp (— at b)) : 





In order to calculate H, (z, 4) within the limits of 
the first pause we shall find beforehand the field 
intensity H, (z, 3) at the end of the first pulse. Itis 


easily seen that it equals 


—y 





k 
HH, (z,d,) = kd, - = 
7 


n=0 


[1 — exp (—a2¢4,)l, 


where oh, = ty. 
he field intensity //, (z, @) for any moment of 
time © of this pause may be found as the algebraic 


sum of the expressions 


’ 
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(z,o,) dr 


a 
i 


After calculations we shall have 





) 
ea 4 ) z— i; (Zz, d;) 
7 


the method of calculating /’ (z,:5) for all 


subse qu [ 


nt pulses and pauses is exactly analogous 
to that described, then onitting the intermediate 
calculations we shall write immediately the final 
(z,d) for (2m 


expression / 


—1) pulses 








where 


For the partial case when the length of uniform 
pauses is many times greater than the lengti of uni- 
form pulses, i.e. t= f,*...°%3 2 tye... * 


ar,; c > 1, we get: 


Ham 1 (2,6) *° kid—(m-1) (e+ 1) 7,] - 





(l-—exp - @[h—(m—1)(c+1) 4] +2 H, (2.7%). 
7 


o sin (x + > - (z + 5) exp [-a3 (p— =1)] 





(exp| az (q + 1)(m—1) a1] —1) 





(n+— } {explaz (+ 1) ,] —1} (13) 


where 
(m—1) 9 +1)7,5 9 S[(m—1)q + m)%,. 


[he equation of the field intensity H(z, d) for 2 
(m —1) pauses when a >1 may be written in the 
form 


2 
Ho (m—1) (2,0) = os (Z, t,) 





e sin (n + SEs (z + %) exp [—az (g—1)| 


] 
n=0 (n+—) (exp| a? q+1)u}]—1) 


exp [ar(g +1)(m—1)>,! 


Note, by the way, that if d + », then Hom—) 
(z, d) + 0, which is as should be. 

















[In the graph in Fig.2 for z= const. are shown the 
qualitative characteristics of the variation in the 
external magnetic field (broken line 1), the field 
intensity (curve 2), both due to the non-stationary 
processes, and curve 3, which characterizes the 
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resulting field, obtained as the algebraic sum of the 
ordinates of ourves 1 and 2 at the corresponding 
points. [t is seen that the resulting field reaches 
extreme values; the maxima of the field arise at 
the end of the action of the external field pulses, 
the minima, on the other hand, at the end of each 
pause. Ihe maxima of the resulting field increase 
with cise in the number of pulses, not exceeding, 
however, the maxima of the external field. 
(3) We shall find H (z, d) if the slab is magnet- 
ized by a square-topped magnetic field 
satisfying the condition 


H =(+8,5) = 


al eh for all 
0 for all 


D2 (m—1) <P <Pam—1; 


: (15) 
dam—1 <P < dom. 


Adopting the same terminology as in the second 
problem, the expression //, (z, 5) can be obtained 
for the first pulse, using for this the boundary con- 
ditions of (15). 


A, (2,9) =H, ai 


co sin(n +) —(s + 3) 
A : - exp (— a6); 
(» +>) (16) 


0< b<¢; 


~ 





The field intensity 1/,(z,) of the second pause 
is determined in exactly the same way as the corres- 
ponding field in the second problem. Therefore, 
omitting here the intermediate calculations, we 
shall write the final expression for it 


b 
H, (2,6) = = H, (2,5,) expl—as ($—<;)]. 


ae. 
% sin(n+—) > @ +2) 


(>) 
2 


when H, (21¢,) = H i 





n=0 








[n exactly the same way we can write the final 
equation of // (z,d) for (2m—1) pulses where a> 1: 


Hom (2,0) = 





exp {— as [0 — (m—1)(¢+ 1) a)}| + 


| t 
sin (n ae —= (2 +5) 
< vi) 





2 aed 
+— A(z.) — 
nmo(n+ ~~. ) (exp [42 (G + 1)1]—!) 


exp [ — a? (0 -— “) | ; 


exp |az(qg+%) (m—1)%4)]—1; (18) 
where 


[(m — 1) (g + 1))z, 405 S1(m —1) g + m) ty. 


The equation for FH (z, d) for 2 (m—1) pauses where 
a> 1 is analogous to (1), except that the /’, (z,d) 
appearing in (14) must be substituted from the sec- 
ond equation of (17). 

(4) [f the external magnetic field varies according 
to the sine law 


H(+ 6, t)=H, sin of, (19) 


then the expression of F, (z, 5) for the first (posit- 
ive) half-wave may be written in the form 


H, (z.) — Hy sin wt — 


] wo ’ 
= sin (n+ —)—= (z +0) 
~ , % 


2H 


i n=O “ = >) 





> 





[ 2 ; ! 
-atetensts dig) 4 sina 


| (20) 


where 


where 7 is the variation period of the field. 
The field intensity for the second (negative) 
half-wave is found from the expression 
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H, (49) = — Hy sino (6— —) re 

















where 








lhe field intensities for all the subsequent half- 
waves are calculated in exactly the same way. 
hus, for example, the function / (z, 5) for 
(2 m—1) positive half-waves takes the following 


form: 


Hom (2,46) = Hy sin w [O— (m —1)T| — 


- 
7 


-) e+ 


9 


(n+—) 
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+ Le” [z,(m—1)T] y 
r 


[gcaas 1) T] — exp|— a4 [6— (m— 1) T|]) 


+ SIN io- (mm —_ 1) T| 





2 t 
a, tw 


j “as 
~ si —)—— (z +i 
sin{n + os, ~ +8) 





ond 
n=0 


exp {—aslo— (mt —1)T)} 


where it is supposed that H, (z, d) = 0. 


In conclusion I must express my gratitude to 


Professor R.I. Ianus for his useful advice. 


Translated by R. tlardbottle 
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THE TEMPERATURE VARIATION OF SPONTANEOUS MAGNETIZATION IN 
ALLOYS NEAR THE CURIE POINT * 
K. BELOV and Ia. PACHES 
(Received 2] March 1956) 


Curves of temperature vs. spontaneous magneti- 
zation in the region of the Curie point for nickel 
and several nickel alloys were obtained by three 
different methods. It was established that the 
so-called “tails” in the spontaneous magneti- 
zation curves observed in the region of the Curie 
point are particularly large in the alloys; their 
form and length strongly depend on thermal treat- 
ment and concentration of the alloying element 
with the nickel. From analysis of experimental 
material through study of magnetic and electrical 
phenomena in nickel alloys, a very accurate 
method of determining the Curie temperature is 
put forward. 

In existing theories the question of temperature 
variation of the spontaneous magnetization in the 
region of the Curie point has not been studied in 
detail; they usually reckon that on approaching 
the Curie point spontaneous magnetization rapidly 
falls to zero following, within the limits of quan- 
titative measurement, the relationships derived 
from the Weiss-Heisenberg theory or from the 
thermodynami c theory of ferromagnetic transfor- 
mation. Weiss and Forrer [1] have further shown 
that that using nickel as an example, the tempera- 
ture vs. spontaneous magnetization curve in the 
region of the Curie point sharply changes its path 
forming a unique ‘tail’. Despite the fact that 
detailed investigation of these anomalies by way 
of the spontaneous magnetization curve is of much 
value for understanding the problem of ferromag- 
netic transformation, up till now little experimen- 
tal work has been done to study them [1,2]. 

In the present work, we have set ourselves the 
task of investigating in detail the temperature 
relationship of spontaneous magnetization in the 
region of the Curie point for nickel and certain 
nickel alloys. With the object of obtaining the 
most reliable results about the temperature range 
of spontaneous magnetization in the region of the 
Curie point, the latter was determined for each of 
the samples by the following three methods. 
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1. Values of spontaneous magnetization, /,, 
were found from curves of the “galvanomagnetic 
effect vs. square of the magnetization”, which we 
took for our samples in the region of the Curie 
temperature. This method of determining /, is 


analogous to the “curves of magneto-thermal 
effect” method which was employed by Weiss and 
Forrer [1]. 


2. Values of /, determined by the“isomagnetic 


lines” method, described by Weiss and his co- 
workers some thirty years ago [1]. This method 
is based on adaptation of isotherms of magneti- 
zation, obtained for the region of the Curie point. 
3. The magnitude of /, was determined by the 
method of “thermodynamic coefficients”, which 
was used in the work of Belov and Goriaga [3]. 
This method is based on comparing experimental 
iostherms of magnetization with the equivalent 
of actual magnetization, resulting from the thermo- 
dynamic theory of ferromagnetic transformation 


[4]. 


CONSTRUCTION OF CURVES OF SPONTANEOUS 
MAGNETIZATION OF NICKEL AND NICKEL ALLOYS 
IN THE REGION OF THE CURIE TEMPERATURE, 
OBTAINED BY THE THREE DIFFERENT METHODS 


The materials under investigation were electro- 
lytic nickel, nickel—silicon alloys, two alloys of 
nickel with manganese and an alloy of the Invar 
type (38 per cent Ni + 62 per cent Fe). In Fig. 1, 
for example, are shown curves of temperature vs. 
spontaneous magnetization in the region of the 
Curie point, obtained by the above-mentioned 
methods for an alloy of nickel with 3.1 per cent 
silicon. It is seen that, in a certain region below 
the Curie temperature, all three methods give iden- 
tical results, but on approaching the Curie point 
the curves diverge. The curve determined by the 
method of thermodynamic coefficients (indicated 
by crosses) descends steeply, being cut off on 
the temperature axis. Curves obtained by the 
method of galvanomagnetic effect (triangles) and 
of isomagnetic lines (small circles) approach the 
temperature axis gradually, forming a ‘tail’ of 
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FIG.1. Temperature vs. spontaneous magnetization 
curve for the alloy nickel with 3,] per cent silicon, 
determined by three methods; 
—o—o~—o~ by the method of isomagnetic lines; 
—x —x—x— by the method of thermodynamic 
coefficients; 


—\—A~—A— by the method of curves of galvano- 
magnetic effect. 


spontaneous magnetization. Analogous results 
were obtained for the other two materials in- 
vestigated. Study of these results showed that 

in the different materials the “tails” of spontaneous 
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FIG.2. “Tails” on the spontaneous magnetization 
curves 
a — electrolytic nickel 
b — an alloy of nickel with 2,5 per cent manganese 
c —an alloy of nickel (38 per cent) and iron 
(62 per cent). 


magnetization have varying dimensions; in nickel, 
they vanish at about 6° above that temperature at 
which the magnitude of /, on the curve is reduced 
to zero, as determined by the method of thermo- 
dynamic coefficients; we take this temperature 

to be the Curie point. The extension of the ‘tails’ 
in alloys is considerably greater and depends on 
the concentration of the element alloyed with 
nickel. The ‘tail’ for the alloy Invar is particu- 
larly large. In Fig.2 are given curves of spon- 
taneous magnetization in the region of the Curie 
point, respectively for electrolytic nickel, an alloy 
of nickel with 2.5 per cent of manganese and an 
alloy of 38 per cent nickel and 62 per cent iron, 


obtained by the thermodynamic coefficient method 
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FIG.3. Effect of annealing on the range of spon- 
taneous magnetization near the Curie point in an 
alloy of nickel with 4,9 per cent silicon. 
Continuous lines— annealing for ] hour at 800°C; 
Dotted lines — annealing for 8 hours at 1000°C. 


(which made it possible for us to establish the 
location of the Curie point) and also by the method 
of curves of galvanomagnetic effect. It is seen that 
in the alloy Invar, the extension of the ‘tail’ ex- 
tends some tens of degrees. Investigations es- 
tablished that the form and extent of the ‘tail’ is 
changed by the annealing process. In Fig.3 are 
given curves of spontaneous magnetization for 

the alloy nickel with 4.9 per cent silicon, which 
show the effect of annealing. All these facts in- 


dicate that the ‘tails’ or ‘residues’ of spontaneous 
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magnetization above the Curie temperature are 
basically defined by structural characteristics of 
ferromagnetics. The most effective principle 
which specifies ‘tail’ formation appears to be 
heterogeneous concentration in the alloy (the con- 
centration fluctuates over the bulk of the sample) 
and also heterogeneous distribution of the alloy- 
ing elements. Owing to this, there are particles 

in the sample with a somewhat different Curie 
temperature. In those particles of the sample 
whose Curie temperature lies higher than that of 
the depressed part of the sample spontaneous 
magnetization is still retained, although part 

(the greater part) of the ferromagnetic has already 
been converted into the paramagnetic state. These 
residues of spontaneous magnetization will pro- 
duce a diffuseness of ferromagnetic transformation, 
as a result of which a‘‘tail” makes its appearance 
on the curve /, (7). 

We leave aside the trivial principle which also 
leads to diffusion of the transformed phase; this 
is precipitation of phases in the alloy possessing 
ferromagnetic characteristics. Diffusions of ferro- 
magnetic transformation, it seems, take place as 
well as other structural factors (deformation of 
the lattice, constitution of the crystalline lattice 
and so on). 

Contrasting with the low-temperature region, 
where the influence of structural factors has little 
eff ect on the slope of the spontaneous magneti- 
zation curve, in the region of the Curie tempera- 
ture the slope of the spontaneous magnetization 
curve is essentially defined by structural factors. 
Thus, from the spontaneous magnetization curve 
taken in the region of the Curie point, the effect 
of the temperature vs. spontaneous magnetization 
relationship can be studied in more detail. 

The question now arises, why is the method of 
thermodynamic coefficients not used to determine 
the residual spontaneous magnetization near the 
Curie point? By this method the spontaneous 
magnetization is determined according to the 


formula: P os =a ( when a < o) (1) 


ro 
which is derived from the thermodynamic theory 
of ferromagnetic transformation. Values of the 
coefficients a and # are found from the actual 
magnetization, taken near the Curie point (see 
[3] ). In accordance with the theory (thermo- 
dynamic theory) of ferromagnetic transformation, 


the coeffecient a has a negative sign below the 
Curie point, at the Curie point it is equal to zero 
(a=0), above, it has a positive sign. The co- 
efficent £8 in the region of the Curie point changes 
very little with temperature and has only a positive 
sign. If it is supposed that a ferromagnetic sample 
is heterogeneous in composition, and various par- 
ticles with different Curie points possibly exist 

in it, then each such particle has correspondingly 
different coefficients a and 8. Thus, from the 
experimental curves of actual magnetization we 
obtained certain mean values of these coefficients 
ac and B,. It is clear, that we obtained from for- 
mula (1) the curve of /, (7) which as for a homo- 
genepus material steeply falls to zero. The method 
of thermodynamic coefficients therefore makes it 
possible to determine residual spontaneous mag- 
netization. Application of the method of thermo- 
dynamic coefficients in conjunction with other 
methods of determining the trend of the curve 

I; (7), none the less, seems very profitable as it 
makes it possible to analyse the process of ferro- 
magnetic transformation, allowing us to sort out 
the ‘tails’ from the basic curve /, (7) 

The method of “isomagnetic lines”, in our ex- 
perience on the first approach, gave the same 
results as the method of galvanomagnetic effect 
Weiss and Forrer [1], comparing results obtained 
from the method of “isomagnetic lines” and from 
the method of thermomagnetic effect, came earlier 
to the same conclusion. At the present time there 
is only one work of Sucksmith et al. {2] affirming 
the method “isomagnetic lines” gives somewhat 
higher values of spontaneous magnetization in the 
region of the Curie point than the method of thermo- 


magnetic effect 


-THE QUESTION OF SELECTING A METHOD OF 
DETERMINING THE CURIE POINT 


At present, the Curie point of ferromagnetics 
is determined by several different methods. 
Owing to the presence of “tails” of spontaneous 
magnetization (of the para-process) and the in- 
fluence of actual magnetism, significant diver- 
gences are possible in values of the Curie tem- 
perature, (particularly in alloys and ferrites) ob- 
tained by the various methods. To establish an 
accurate method of determining the Curie tem- 
perature we set ourselves the task of analysing 
the different existing methods for its determination. 
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On the basis of our measurements we can com- 
pare four determinations of the Curie temperature: 
by the method of maximum temperature coefficient 
of electrical resistance, by the maximum negative 
galvanomagnetic effect (caused by the paramag- 
netic magnetization), by way of the curve /s (7) 
obtained by the method of thermodynamic coeffi- 
cients (or, what is the same things by reduction of 
the coefficient a, to zero) and by initial perme- 
ability. The results of these determinations for 
materials which we examined are given in the 


table. 

The error in the temperature determination was 
+ 0.3°C. Magnetic and electrical characteristics 
were measured on one and the same sample under 
the same temperature conditions and practically 


at the same time. Therefore it is possible to ex- 
plain the variation in the results by different con- 
stitutions or treatments or by different experimen- 
tal conditions. The differences in value of the 
Curie temperature by the various methods in- 
creases with increasing concentration in nickel of 
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points determined by the initial permeability and 
other methods. 

This is explained by the fact that measurements of 
the Curie temperature by initial permeability on 
the strength of the effect of secondary factors are 
less accurate than the three first methods. 

Now, from the table it can be seen that the varia- 
tion in the Curie temperature obtained by the diffe- 
rent methods is greater the longer the “tail”, or in 
other words the greater the diffusion of magnetic 
transformation. In the following graph of the table, 
the variation in the Curie temperature found by the 
method of thermodynamic coefficients and the method 
of temperature coefficient of resistance is given. 


In order to gauge which of the methods is the 
most accurate for determining the Curie temperature, 
it is necessary to establish what the magnitude of 
the spontaneous magnetization is at temperature 
points corresponding with Curie temperatures found 
by the various methods. 

For this, let us return to the curves of tempera- 
ture vs. magnetic and electrical properties, taken 


TABLE 1 





By the max. temp. 
coeff. of resistance 
Material 


By the max. 
negative gal vano- 
magnetic effect of 

paramagnetic 
magnetization 


(45) max 


By initial 
perme- 
ability 


By method 
thermo- 
dynamic 


Differences 
00 


coeff, 





347.7 
240.5 
158.5 


Nickel 

Ni + 3.1% Si 

Ni + 4.9% Si 

Ni + 4.9% Si 
after annealing 
Ni-+ 2.5% Mn 

Ni + 20% Mn 
38% Ni + 62% Fe 


346.6 
237.3 
155.2 


157.5 

311.8 
92.5 

296 


155.2 
310.2 

87.1 
293.8 




















the other element. From the appended table it also 
follows that, in all materials, the maximum of the 
temperature coefficient of resistance, in all cases, 
lies at a lower temperature than the maximum of 
negative galvanomagnetic effect and the latter is 
lower than the point on the temperature axis at 
which the coefficient a¢ reverts to zero. There is 
a certain lack of agreement between the Curie 


on our samples. In Figs. 4 and 5 are given, for 
example, temperature vs. spontaneous magnetiza- 
tion (obtained by the method of thermodynamic co- 
efficients and the curve of galvanomagnetic effect); 
vs. temperature coefficient of resistance 1/R,(AR/ 
RT); vs. galvanomagnetic effect (from the paramag- 
netic magnetization) AR/R and the coefficient a, 
for electrolytic nickel and the alloy 38 per cent 
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FIG.4. For determining the Curie temperature in 
nickel; 
|, temperature range of spontaneous magnetiza- 
tion, (determined by the method of thermo- 
dynamic coefficients and 4 curve of 
galvanomagnetic effect,) 1 — tem- 
LaF 


perature coefficient of eas ae aR P 

—the galvanomagnetic effect (caused by the 
paramagnetic magnetization) and q, the thermo- 
dymanic coefficient. 


nickel and 62 per cent iron. It is seen that the 
maximum temperature coefficient of resistance (or 
the point of breakdown in the case of alloy Invar) 
lies in that region of temperatures where there is 
still appreciable spontaneous magnetization. The 
same can be said concerning the position of the 


maximum negative galvanomagnetic effect although 
this lies at a higher temperature. Both these points 


lie in that temperature region where the curve/, (7) 
falls steeply and does not still have the character 
of a “tail”. This indicates that a considerable 
part of the sample is still found in the ferromag- 


netic condition. 

As regards the Curie temperature determined by 
the thermodynamic coefficient method it always 
lies higher than the maxima of the temperature co- 
efficients of resistance and negative galvanomag- 
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FIG.5. For the alloy 38 per cent Ni, 62 per cent Fe. 
(See Fig.4 for comparison) 


netic effect. At this temperature the smaller part of 
the sample is found in the paramagnetic condition 
and the curve /, (7) has already the character of a 
‘tail’. This indicates that in the ferromagnetic state 
only the smaller parts of the sample are to be found. 
So the prescribed method of determining the Curie 
temperature is the most accurate. Finding the Curie 
temperature by the method of thermodynamic coeffi- 
cients is simpler than by measuring the temperature 
relationships of the non-magnetic phenomena (elec- 
trical resistance, galvanomagnetic effect, specific 
heat etc.). It is necessary to note that in hetero- 
geneous materials by the given curves of actual mag- 
netism we find a point on the temperature axis at 
which ag = O and from that we can determine the 
mean Curie temperature for that material. 
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THE INFLUENCE OF ELASTIC STRESSES ON THE MAGNETIC PROPERTIES 
OF THE ALLOY VICALLOY * 
Ia.S. SHUR, M.G. LUZHINSKATA and L.A. SHUBINA 
Ural Institute of Physics of Metals, Academy of Sciences of the USSR 
(Received 3 August 1956) 


The influence is studied of unilateral elastic extension and elastic torsion on the magnetic pro- 
perties of the high-coercivity alloy Vicalloy (12%V, 52% Co, residue Fe). The samples were investi- 
gated in the form of wires. It was shown that extension leads to an increase in coercive force H, of 
several times and likewise to a growth of the remanent induction B . With elastic torsion .. also in- 


creases, however 8; is reduced. 
The increase of H, obtained for both extension and torsion is to be explained by an increase in 

the anisotropy of single-domain formations on account of the growth of the anisotropic stress. The 

change of B, in the case of extension is associated with a strengthening of longitudinal magnetic 


texture, and in the case of torsion a weakening of it. 


It may be reckoned as established that the 
basic feature of high-coercivity alloys is 
shown as an effect within its single- 
domain (or nearly so) magnetic structure 
A high coercive force obtains if there is sig- 
nificant magnetic anisotropy of single- 
domain formations. This anisotropy, in accor- 
dance with the common representation of 
theory can be conditioned by natural crystallo- 
graphic anisotropy,anisotropic stress, or aniso- 
tropy of the demagnetizing factor of the single- 
domain formations. However even if for the 
majority of high-coercivity alloys it is possible 
to indicate the causes of the appearance of 
isolated domains, then the nature of anisotropy 
as a rule remains inexplicable. This can be 
explained by the difficulty of experimental 
study of anisotropy of the separate phases of 
alloys possessing finely-dispersed structure. 
\ccording to the data of various authors, the 
causes of high coercive force of one and the 
same alloy are different forms of anisotropy. 
Interest is therefore evident in carrying out 
those investigations in which the form of aniso- 
tropy may be modified, and the influence may 
be investigated of this change on the funda- 
mental magnetic properties of high-coercivity 
alloys. 

:xternal unilateral elastic stress can serve 
as a method of creating and changing the 
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amount of anisotropy. It is necessary however 
to make sure that such stress, deliberately 
applied to the sample, can not only change the 
anisotropy of the separate single-domains, but 
also creates a definite orientation of the “easy 
directions” of all single-domains, which leads 
to the appearance of magnetic structure. 

The present work is devoted to studying the 
influence of elastic stresses (extension and 
torsion) on the magnetic properties of the high- 
coercivity alloy vicalloy. 

This alloy in the highly-coercive state has 
a finely-dispersed crystalline structure con- 
sisting of ferromagnetic and non-ferromagnetic 
phases [1]. Parts of the ferromagnetic phases 
show thenselves, in all probability, as isolated 
m gnetic regions, The nature of the aniso- 
tropy of the latter in the meantime is unknown. 
In selecting the present material for solving 
the problem posed here we were guided by the 
fact that the alloy vicalloy had a high elastic 
limit. Such a mechanical property will allow 
measurements to be made for a large magnitude 
of stress, for which a significant change of 
magnetic properties can be expected. 

As far as we know investigations of high- 
coercivity alloys by this scheme had not so 
far been carried out. 

It is possible to point only to the work of 
Neumann, Buchner and Reinboth [2] in which 
it was noted that extension of samples of the 
alloy cunife caused an increase in coercive 
force and residual induction. However,the 
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authors were not able to explain their results. 


SAMPLES AND METHODS OF MEASUREMENT 


The investigations were carried out on an 
alloy consisting of 12% V, 52% Co, the remain- 
der Fe (vicalloy). Our samples were wires of 
0.3 mm diameter having as a result of cold 
drawing, a relative reduction of 91 per cent 
and likewise wires of 0.1 mm having 98 per cent 
reduction. The length of the samples was 50- 
80 mm. The measurement of the magnetic pro- 
perties (demagnetization curve and hysteresis 
loop) was carried out by a ballistic method 
with the aid of a differential coil. The sample 
was inserted in one of two identical coils 
coupled to one another. By commutating the 
field in the solenoid, a ballistic galvanometer, 
in the circuit of which was the coil, reacted 
only to a change in the magnetization of the 
sample since a change in the external mag- 
netic field created, in the common coils 
placed one above the other, a mutual annul- 
ment of the electromotive force. For producing 
the state of stress the ends of the sample were 
fastened in a special clamp of non-ferromag- 
netic material. These clamps were strongly 
joined by brass pins, the ends of the latter 
being outside the solenoid. The end of one 
of the pins was fastened immovably, to the 
second end it was possible to apply, by means 
of a block, a given tensile load or to rotate 
the pin about the axis by a defined angle. The 
measure of the torsion of the sample was taken 
as theratio of the change in the angle of twist 
a to the length of the sample between the 
clamps. The samples we investigated were, to 
begin with, annealed at various temperatures 
as the result of which they had various pro- 
perties. * 


RESULTS OF MEASUREMENTS 


In Fig.1 is shown the results of measure- 
ments of coercive force /¢ and residual in- 
duction 3, as a function of the specific ten- 
sile load o and angle of torsion a for a sample 





* Data on the relative properties of Vicalloy 
as a function of heat treatment will be 


presented and discussed in a subsequent article. 


of diameter 0.3 mm, not allowing for the harden- 
ing after deformation. In the unstrained state, 
for this sample //¢ = 6100 G and the saturation 
421, = 17,000 G. As is evident from the 
curves of Fig.1, for this sample, found in the 
magnetically-soft state, //,, both for tension 
and torsion, is simply reduced. 8; increases 
under the influence of both kinds of elastic 
stress. For an applied tensile load of about 

70 kg/mm? the value of 5; reached 15,000 G 


which is nearly the saturation value. Under 
torsion the increase of B, is noticeably modera- 


ted after reaching about 10,000 G. 
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Fig.1. Dependence of H, and B, on the magnitudes 
of the tension g and torsion q for a sample of dia- 
meter 0.3mm not submitted to annealing. 
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Fig®. As before, for a sample annealed at 500°C and 
held there for 30 min. 
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Fig.3. As before, for a sample annealed at 550°C and 
held there for 30 min. 
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Fig.4. As before, for a sample annealed at 600°C and 
held there for 30 min. 


Analogous measurements were carried out 
on samples of the same diameter subjected 
after cold drawing to annealing at tempera- 
tures from 500°C to 600°C, the latter being 
held for 30 min. Results of these measure- 
ments are shown in Figs.2—5 in which the 
full lines indicate the dependence of H, 
and B, on the magnitude of the tensile load 
and the dotted lines on the angle of torsion. 
F'rom these sketches it will be seen that for 


all annealed samples in a high-coercive state, 


B, is increased under tension but decreases 
under torsion. H, increases for both tension 
and torsion. 


In Fig.3 a dotted line shows the dependence 


1000 
H.. (oersted) 
800 


of H¢ and B; on the magnitude of the tensile 
load for the same sample measured in the 
presence of a simultaneous torsion (a = 3.7°/ 
mm). In this case the character of the depen- 
dence of H, and B; on the magnitude of the 
tensile load is just as though the sample in 
the final state were not twisted but the course 
of H. (a) lies directly above and that for B 
(a) directly below the lines for the non- 
twisted sample. 
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Fig.5. As before, for a sample annealed at 665°C and 
held there for 30 min. 


The dependence of H,, B, and the maximum 
magnetic energy (BH) ax on the magnitude of 
the tensile load for 0.1 mm diameter samples 
is shown in Fig.6. It is apparent from this 
diagram that there is a linear relation with 
the load over the whole range. Definite 
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Fig.6. Dependence of H,, B, and (BH)max on the mag- 
nitude of the tension for samples of diameter 0.1 mm 


annealed at 500°C and 600°C and held there for |] hr. 
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values of the characteristic are determined 
by the load and this continues until destruction 
of the sample. 
It should be emphasized that a load which does 
not lead to the destruction of a high-coercivity 
sample merely brings about a reversible change 
in magnetic properties, that is, the properties 
are the same after having been loaded as before. 
Samples of 0.1 mm diameter annealed at a com- 
paratively low temperature (500°C), will sup- 
port a loading of about 300 kg/mm?. Under 
this stress H/, reached 850 oersteds B,13000G 
and (BH) nax was 7.10° G oersteds. 

In none of the experiments carried out did 
stress appear to have any influence of the 
saturation values for the sample. 


DISCUSSION OF RESULTS 


The change in the magnetic properties of 
unannealed samples under the influence of 
elastic stress can be completely explained 
by the change in magnetic texture. It was 
shown that the samples are magnetically soft. 
That they have « sharply defined transverse 
magnetic structure was shown by magneto- 
striction measurements [3]. This structure is 
associated, in all probability with the particu- 
lar distribution of stress set up during the 
process of drawing the wire. If such a cold- 
drawn wire, having positive magnetostriction, 
stretched, then the increase in fibre stress 
causes a turning of the vectors of spontaneous 
magnetization into a direction coinicding with 
the axis of the specimen. That is to say the 
transverse texture is reconstructed longitudi- 
nally. As a result of this, with the magneti- 
zation and remagnetization along the axis of 
the wire, the part played by the 180° displace- 
ment of the boundaries increases in comparison 
with that of the 90° displacement. Turning the 
magnetization vectors along the axis of the 
sample leads to an increase in B, but the in- 
creased amount of 180° boundary displacement 
reduces H, 

When the wire is twisted a stress is produced 
which, for a material with positive magneto- 
striction, strives to rotate the vectors of spon- 


taneous magnetization into an angle of 45° with 
respect to the axis of the sample. Since in the 
initial condition the magnetization vectors were 
disposed substantially perpendicular to the axis 


of the sample, rotating them into the 45° direc- 
tion, leads naturally to the same change brought 
about by tension, namely to an increase in [3, 
and a decrease in He. 

For high-coercivity samples the change in /}, 
due to tension also manifests a change in inag- 
netic texture, however the changes in //¢ are 
produced by other causes. Samples annealed 
at 500°C and above have a longitudinal mag- 
netic structure which is evident from the high 
values of the ratio /;//], equal to 0.9 and also 
from the data on magnetostriction measure- 
ments [3], Stretching these samples, also 
possessing positive magnetostriction, leads 
to a supplementary increase in longitudinal 
magnetic texture, but twisting partially destroys 
this structure. Therefore in tension the quan- 
tity By increases but in torsion it decreases. 

As is well known, the //, of an alloy with 
single-domain structure must increase as the 
longitudinal structure grows and decrease as 
it diminishes. In our case //, increases both 
under tension and torsion and therefore its 
change must be determined by other factors. 
The change in H¢ can be explained if it is 
reckoned that the effect of elastic stresses 
in the single-domains is to give rise to an 
anisotropy conditioned by these stresses 
which adds to the anisotropy conditioning 
the high //¢ in the unstressed condition. Such 
an increase in anisotropy as a result of the 
effect of external elastic stresses leads to an 
increased //,, both for stretching and twisting. 
Under tension the direction of the supplemen- 
tary anisotropy coincides with the axis of the 
sample, therefore the fibres lengthen (5, 
increases). Under torsion these directions 
are different, therefore the fibres shorten 
(B, decreases). 


This point of view gives an explanation of 
the experiment of combining the effects of ten- 
sion and torsion (Fig.3). This experiment shows 
that if the sample is first twisted through some 
angle,then strained,the change in its 3, is 
larger and in its //¢ is smaller than for the non- 
twisted sample. This occurs because, in the 
case of 5,, the act of pulling the sample re- 
stores the magnetic structure which had been 
initially destroyed by twisting. For //,, the in- 
fluence of the grain size is insignificant, fun- 
damentally its change is linked with a varia- 
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tion in the amount of anisotropy. Since an 
initially twisted sample possessed greater 
anisotropy than an untwisted one, applying 

a tensile load to it leads to a relatively 
smaller change in anisotropy, and thus to a 
smaller change in //¢ than for an untwisted 
sample. It is possible to compare the change 
in //¢ for a stretched high-coercivity sample 
obtained experimentally with the theoretical 
dependence of //¢ on stress. As is well 
known, in the case where only single rotation 


process is taken into account, I] ¢ conditioned 


by the stress-anisotropy 1s 


where As is the saturation magnetostriction, 
/, is the saturation magnetization, a is a 

numerical factor between | and 10. Putting 
A, = 10*, 1, = 10° we get for the change 


of //, with respect to o 


dHe 


=~ 10° or 10*  oersted cm? 


09 /theor dyne 


On the other hand, from the experimental lines 
(Fig.6) of He vs o we get 


dH 
iene ™ 1lor2x107?_ oersted cm? 


doa exp dyne 


The agreement -between the theoretical and 
experimental data is sufficiently good. It 
follows that increase of //,, with elastic 


stress is a result of the increase in stress- 


anisotropy. 


CONCLUSION 


It has been experimentally established that 
elastic stress (tension and torsion) has a sig- 
nificant influence on the magnetic properties 
of the high-coercivity alloy vicalloy. “lastic 
tension leads to an increase in //, of several 
times and also to an increase in 8,. For elas- 
tic torsion //,, also increases, however B, is 
reduced. It has been shown that the increase 
in 1, obtained both for tension and torsion is 
brought about by an increase in the aniso- 
tropy of single-domains in the sample caused 
by the growth of stress-anisotropy. The change 
in residual induction in the case of tension is 
linked with the increase in longitudinal mag- 
netic texture and in the case of torsion with 
its reduction. 

The results obtained emphasize the correct- 
ness of the view that the high values of co- 
ercive force in high-coercivity alloys are ob- 
tained as a result of large magnetic aniso- 
tropy in the presence of a single-domain mag- 
netic structure. 
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The effect of thermomechanical treatment on high-coercive alloys has been studied for the 
first time. The alloy containing 52% Co, 12% V, balance Fe, (known as ‘Vicalloy’) was under 
investigation. Samples submitted took the form of cold-drawn wires from 0.1 to 3.0 mm/dia- 
meter. Thermomechanical treatment consisted in superimposing unilateral tensile stress on the 
samples at the time of annealing, and as a result, the high coercive force //, is obtained. 

This treatment can appreciably alter the magnetic properties and under certain conditions, 
He can be increased by 25 per cent and the maximum magnetic energy by 40-50 per cent. 

This increase of H,, it appears, is dependent on the increase in the overall magnetic aniso- 


tropy of the individual nuclei. 


As is known, a high-coercive condition arises in 
ferromagnetics where they have a finely dispersed 
structure which promotes the appearance of isolated 
magnetic regions, and where these regions possess 
a substantial over-all magnetic anisotropy. Hence 
it follows that the principle of change of the coer- 
cive force of these materials can be shown by the 
change of the magnitude of magnetic anisotropy or 
of the degree of structural dispersion. [t is known 
also that by creating a magnetic ‘texture’ an 
appreciable change in the properties of ferromag- 
netics can be produced in addition. 

[n particular, advances in the properties of high- 
coercive alloys of the ‘magnico’ type have resulted 
from well-studied thermomagnetic treatment, chiefly 
by creating a magnetic texture. At the same time 
the magnetic texture is developed by the action of 
the magnetic field on the structural transformations 
leading to a high coercive ¢ondition in the alloy. 

[In a previous work [1] we showed that the elastic 
stresses superimposed on Vicalloy change the 
magnetic characteristics several times. [n this 
case, the effect of elastic stresses on the coercive 
force is fundamentally linked with the increase of 
anisotropy of the alloy, and the change of residual 
induction is the result of the change of magnetic 
texture. The relationship of the magnetic properties 
of Vicalloy to the elastic stresses has an inverted 
character, i.e. after removing the stresses the sam- 
ples acquire their original properties. Results of 
the investigations indicated above have led to the 
idea of using this as a method of treatment, which 
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afterwards will secure a change of structure in the 
material and thus a change of properties acquired 
from the elastic stresses. 

Soft magnetic materials can acquire these proper- 
ties by thermomechanical treatment carried out by 
cooling the ferromagnet from high temperature under 
stress (2]. 

For Vicalloy we employed the theremomechanical 
treatment method consisting in superimposing 
unilateral tensile stress on samples during the time 
of annealing, and a high coercive force is obtained 
as a result. 

As is known, Vicalloy acquires a high coercive 
force after preliminary cold deformation and anneal- 
ing at temperatures about 600°C, which leads to 
partial transformation of the ferromagnetic a-phase 
into the non-ferromagnetic y-phase and the material 
receives a finely dispersed structure [3]. 

With a view to establishing the nature of the 
changes which are produced by thermomechanical 
treatment on the magnetic structure of Vicalloy, the 
fundamental magnetic characteristics, magnetostric- 
tion and electrical resistance of the samples 
which are obtained by normal and by various 
methods of thermomechanical treatment, were 
studied; and also the change of magnetic proper- 
ties in the thermomechanical treatment process 


was estimated. 


SAMPLES AND EXPERIMENTAL METHODS 
The alloy investigated contained 52% Co, 12% V 
and the remainder Fe. The samples submitted were 
cold-drawn wires of diameter 0.1 — 3.0 mm, and 


length 50 — 80 mm. 
Thermal treatment was carried out in tube furn- 
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aces. In the section in which the sample was 
placed, a uniform temperature was maintained with 
an accuracy of + 2°C. 

To carry out the thermomechanical treatment a 
special construction was employed which allowed 
the samples to be submitted to tensions of up to 
400 kg. The furnace, heated to the required tem- 
perature, was moved over the sample which was in 
the stressed condition. At the same time that the 
sample went through the thermomechanical treat- 
ment, another, unstressed, sample was put through, 
acting as control. 

Determinations of magnetic properties at room 
temperature were carried out by a ballistic method. 
In order to study the kinetics of thermomechanical 
treatment the sample was placed in the furnace 
having a bifilar-wound heating element, made up 
from non-ferromagnetic materials. The furnace 
together with the sample was introduced into the 
magnetizing coil of a vertical astatic magnetometer 
by means of which the magnetic properties of the 
samples were measured. Magnetostriction was 
measured by the method of mechano-optical levers. 

Measurement of electrical resistance was 
carried out by the method described in reference [4]. 


RELATIONSHIP OF THE PROPERTIES OF VICALLOY 
TO THERMAL TREATMENT AND 
PREVIOUS DEFORMATION 
Before proceeding with the study of the effect of 

thermomechanical treatment, it was necessary to 
obtain more detailed information about the com- 
parative effect of ordinary annealing on the proper- 
ties of Vicalloy. I[t should be noted that data in the 
literature on this question is extremely limited. 

In Figs. 1 and 2 (the continuous curves), the 
relationship of magnetic characteristics and elec- 
trical resistance of samples of Vicalloy to annealing 
temperature is presented. Fig.1 refers to samples 
of diameter 0.3 mm, annealed for 30 min.; Fig.2 to 
samples from another batch with diameter 1 mm 
annealed for 20 min. 

As can be seen from these diagrams, despite 
quantitative differences, the relationship has an 
identical character for both groups of samples. 
Similar results were obtained also for the other 
samples investigated and for other times of soaking. 
Unannealed samples, nominally, have a coercive 
force, //- = 20-30 oersteds, a residual induction, 


4nl, = 5000—6000 G and value for in maximum field 


(close to the saturation value) of 16,000—17,000 G. 
Resulting from annealing at temperatures upto 450°C, 
there is an insignificant increase in saturation (2— 
3 per cent); above 450°C the saturation sharply 
falls. After annealing at 650°C, the quantity of 
the saturation amounts to 40—45 per cent of the 
value of the saturation of the unannealed sample. 
The magnitude of H, remains practically constant 
at annealing temperatures of 400—450°C. At higher 
temperatures, 1, begins to increase, reaching a 
maximum at about 600°C, then it decreases. The 
magnitude of 47/; increases at annealing tempera- 
tures up to 500°C, and then starts to fall. There is 
a particularly sharp increase of 47/, which corres- 
ponds with annealing temperatures from 400 to 500°C. 
Above 500°C 4z/; begins to fall and this produces a 
nearly parallel drop in saturation. Electrical resis- 
tance, like saturation, rises somewhat after anneal- 
ing at 450°C, compared with the resistance of the 
unannealed sample, for which = 0.543 2. 
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Fig.l. Relationship of magnetic properties of 

samples, dia. 0.3 mm to annealing temperature 

(dark points, continuous lines) and to thermo- 

mechanical treatment with a load of 26.5 kg/mm?. 
(light signs, dotted lines). 


After annealing at higher temperatures, the resis- 
tance starts to fall, but this fall slows down at 
temperatures just below 600°C. and almost ceases 
altogether at temperatures of 600 to 670°C. 

The way that saturation behaves must be reflec- 
ted in the change in the relation between the 
ferromagnetic and the non-ferromagnetic phases in 
the alloy or in the change of saturation of the 


ferromagnetic phase. 
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Fig.2. Relationship of magnetic properties and 
electrical resistance of samples, diameter 1.0 mm 
to annealing temperature. 


The increased saturation at temperatures up to 
450°C is, in fact, bound up with the transition of 
vanadium from the a— to the y— phase. This tran- 
sition, in accordance with the structural diagram, 
must derive from increase of temperature. On 
further increasing the temperature of annealing in 
accordance with the structural diagram, transforma- 
tion of the a—phase into the y—phase which gives 
rise to a drop in saturation [5 ; 6]. 

Increase of H, begins at those temperatures at 
which drop in saturation begins, i.e. it is directly 
connected with the start of transition of the a— 
phase into the y—phase. However, the quantita- 
tive increase in y—phase is accompanied by an 
increase of /i, only up to a certain temperature 
(ca. 600°C) above which it begins to decrease while 
the saturation continues to fall. The change in the 
form of the resistance curve is related to these 
same temperatures. By comparing the resistance 
curve with that change of Hg, it can be assumed that 
the character of the structural transformation is 
changed at the temperature corresponding with maxi- 
mum H,. 

As can be seen by comparing curves of relation- 
ship of 47/, in all temperature intervals is not 
directly connected with the change of phase in the 
alloy. The low value of 47/; in unannealed samples 
depends on its sharply defined (but incomplete) 
transverse magnetic texture which is revealed at 
measured magnetostrictions [7]. This texture, in 


all probability, is connected with a particular dis- 
tribution of stresses which arise in the wire-draw- 
ing process. In cold-drawn wires of Vicalloy it is 
obvious that the greater part of the volume of the 
sample is compressed in the direction of the axis 
of the wire, and the vectors of the magnetization 
domains are inclined perpendicularly to the axis of 
the wire, since the material possesses positive 
magnetostrictions. In the annealing process the 
cross sectional magnetic texture collapses because 
the stresses in it are removed. After annealing at 
temperatures of 400—500°C. the material becomes 
longitudinal in texture, which is seen from the ratio 
I,/Is, attaining 90 per cent. This ratio is almost 
identical for all samples annealed at temperatures 
of 500—650°C. The appearance of longitudinal mag- 
netic texture can result from the removal of stresses 
in which the crystallographic texture plays a pre- 
dominant role, and indeed, is favorable for longi- 
tudinal magnetic texture. The effect of variation in 
the degree of preliminary deformation on the fun- 
damental magnetic characteristics of Vicalloy was 
investigated and two groups of samples were used, 
both 0.3 mm dia., but having 76 and 91 per cent 
reduction in area. These samples after machining 
(up to annealing) had approximately identical 
characteristics; H.= 25—30 oersteds, 4nl-= 5500— 
5700 G and 471,49. = 17,000 G. 
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Fig.3. Magnetic properties of samples of diameter 

0.3 mm, annealed at various temperatures. Contin- 

uous lines — samples with 91 per cent reduction 

in area, dotted lines — samples with 75 per cent 
reduction in area. 


The results of measuring He 47/, and 47/, in a 
field of 1400 oersteds, for samples annealed in the 
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temperature interval 550—650°C with 30 min soaking 
are presented in Fig.3. As is seen from the diag- 
ram, H/, of the samples having longitudinal deforma- 
tions of 75 and 91 per cent vary very little in the 
given temperature range. 47/, and the saturation 
of samples with 91 per cent reduction in area are 
significantly greater than those of samples with 75 
per cent reduction in area. For samples with 
reduction in area of 91 per cent, 47/, and 47/149) are 
approximately 20—25 per cent greater than for 
samples with a reduction in area of 75 per cent, so 
the ratio /,/], which is characteristic of the degree 
of refinement of the magnetic structure changes com- 
paratively feebly. For samples with reduction in 
area 75 and 91 per cent the ratio /,// equals 85 and 
90 per cent respectively. 

From the above one can conclude that the pro- 
perties can be enhanced by increasing the degree 
of deformation (within the given interval of deforma- 
tion) and when a fundamental increase of magnetic 
saturation of the alloy occurs. The degree of 
magnetic granulation also grows with increasing 
the preliminary deformation and this contributes to 
positive growth of 47/; and to increase of rec- 
tangular demagnetization of a branch of the hystere- 
sis loop, but this factor is of secondary importance. 

In the unannealed state, samples with 75 and 91 
per cent reduction in area have an identical satura- 
tion value, increased shrinkage in a given interval 
of reduction does not lead to a relative change of 
phase in the unannealed condition, but has an 
effect on the course of the transition in the anneal- 
ing process. Because of this, the samples after 
annealing and having a high degree of longitudinal 
deformation, contain a greater proportion of ferromag- 
netic phased,and possess high values of magnetic 


saturation. 


THE EFFECT OF THERMOMECHANICAL TREATMENT 
The effect of thermomechanical treatment on 
samples from various batches and with various 
diameters was studied. Thermomechanical treat- 
ment was carried out at temperatures upto 700°C, 
during which various values of tensile stress were 


superimposed on the samples. 


In Fig.4 are presented the fundamental magnetic 
characteristics of samples of dia. 1 mm annealed at 
560°C in relation to the specific stress which was 
superimposed on the samples for the duration of the 
annealing. From the curves of Fig.4, it can be 
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Fig.4. Relationship of magnetic properties of 

samples dia. 1 mm,to the stress superimposed in 

thermomechanical treatment. Treatment at 560°C 
for 20 min. 
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Fig.5. Same as Fig.4, but treatment at 560°C for 
1 hr. 


seen that superimposing a stress less than 30 
Kg/mm? leads to a significant increase in //, and 
therefore, 47/, also increases somewhat, the satura- 
tion remaining constant. At higher stresses, the 
saturation and 47/, begin to fall and the growth is 
slowed down. 

In Fig.5 are shown the properties of the same 
samples, annealed at 560°C but given a much | ger 
soaking time (1 hr). [In this case, at the higher 
stresses, a much sharper reduction of saturation is 
observed and also, reduction of H, takes place. 

Analogous results were obtained with samples from 
other batches, having diameters 0.3 ; 1.8; 2.0; 2.5; 
3.0 mm. For these samples, the optimal temperature 
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of annealing appeared to be 600°C. As an instance 
of this, in Fig.6 are presented the properties of 
samples of dia.1.8 mm, annealed at 580, 600 and 
620°C for 30 min under the action of various stres- 
ses. 

In Fig.1, the discontinuous curves showed the 
properties of samples of dia. 0.3 mm, annealed 
at one and the same stress = 26.5 Kg/mm?. As is 
seen from the diagram, superimposing this stress 
causes //, to increase. [he greatest increase of 
H'c is observed at temperatures of 600—630°C. 
47/4, at these temperatures changes little under the 
action of the stress. The greatest growth of 
which follows application of the stress is observed 
at annealing temperatures of about 500°C. 
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Fig.6. Relationship of magnetic properties of sam- 

ples of diameter 1.8 mm to the magnitude of the 

stress applied in thermomechanical treatment at 
580, 600, 620°C. soaking for 30 mins. 
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The given stress does not produce a change in 
saturation at annealing temperatures up to 630°C. 
At temperatures above 630°C. the saturation of 
stressed samples is smaller than that of the un- 
stressed samples. 

On these same samples changes of the effect of 
elastic stress applied at room temperature. In 
Fig.7 is presented the relationship of / . and 4z/; 
to the magnitude of the elastic stress for two sam- 
ples annealed at 550°C for 30 min. The continuous 
curves refer to the sample annealed but unstressed, 
the discontinuous curves to the sample annealed 
under the stress of 26.5 kg/mm?. Also given in 
l'ig.7 are measurements made on other samples, 
showing that the influence of elastic stresses on 
samples previous to thermomechanical treatment is 
relatively smaller than that on samples which have 
had the normal annealing at the same temperatures 


and times of soaking. 


Some results of measuring the magnetic proper- 
ties in the thermomechanical treatment process of 
samples of dia. 0.3 mm are presented in Figs. 8 & 9, 
In Fig. 8 is shown the change of properties of two 
samples during annealing at 620°C. [he continuous 
curve was obtained for the annealed but unstressed 
sample; a discontinuous curve for the sample an- 
nealed under a stress of 26.5 kg/mm?. As is seen 
from these diagrams, the change of magnetic proper- 
ties of samples in the first 10 mins. of annealing 
takes place producing a further increase in the 
duration of soaking at the given temperature. The 
application of the stress during annealing does not 
change the character of the curves of relationship of 
magnetic properties to the time of soaking at the 
given temperature, and can only be said to depend on 
the increase of the measured characteristics. 

In Fig.9 are presented results of measurements 
obtained during annealing at 570°C of four different 
samples. The curve of the change of H¢ in which 
the experimental points are indicated by small 
circles was obtained from a sample annealed but 
unstressed, and the curve indicated by triangles 
from a sample annealed at the same temperature but 
stressed at 26.5 kg/mm?. The crosses refer to the 
sample which in the first 10 min. was annealed 
without stress and then put under stress of 26.5 
kg/mm?. 

The dots refer to the sample which in the first 
10 min. was annealed under stress of 26.5 kg/mm? 
and then the stress was removed. From the diagram 
it is seen that the curve of the sample stressed dur- 
ing the whole time of annealing rises higher than the 
curve of the unstressed sample. Applying the 
stress after the sample has already been annealed 
for some time unstressed, leads to an increase of 
H¢, but this increase is not so great as that in the 
case of the stress being imposed at the beginning. 
Removal of the stress after the annealing is com- 
pleted also lowers the magnitude of /, compared 
with //, of the sample which has been annealed and 
stresSed all the time. From these experiments it 
can be concluded that the stress affects the mag- 
netic properties of Vicalloy during the whole of the 
annealing time. 

Measurements of longitudinal magnetostriction 
showed that stresses under which thermomechanical 
treatment leads to a rise in /, and 47/,, also causes 
a fall in the longitudinal magnetostriction as com- 


pared with that of the unannealed sample. For 
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example, in Fig.10 are presented curves of longitu- 
dinal magnetostriction for samples of dia. 2.5 mm 
annealed at 600°C for 30 min. The upper curve was 
obtained for the sample, annealed but unstressed, 
which had //, = 390 oersteds, and 4z/, = 10,000 G. 
The lower curve was obtained for the sample an- 
nealed under a stress of 40 kg/mm?, which had H- 
= 520 oersteds and 47/, = 10,100 G. An increase of 
magnetostriction was caused by applying the 
stresses at which an appreciable decrease of 47/; 


and //.. took place. 
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Fig.8. Change of magnetic properties of unstressed 
(dark circles, continuous lines) and (light 
circles, dotted lines) samples of diameter 


0.3 mm during annealing process at 620°C. 
\leasurements showed that samples annealed at 


the same temperature and for the same time, but 


with different stresses had identical electrical 
resistances. It was also noticed that under stres- 
ses at which decreased saturation is observed, 
plastic flow of the samples commences. Under 
stresses corresponding to maximum the cross sec- 
tion is decreased by about 2 per cent. 

By means of thermomechanical treatment, mater- 
ial can be obtained, the properties of which are 
considerably better than those of the same alloy 
after the usual thermal treatment by the best prac- 
tice. Thus //, can be increased by 25 per cent and 
(BH) max by 40 - 50 per cent. Material with the 
improved properties has been termed ‘Thermecvaco’ 
(thermomechanically treated Va-Co alloy). The 
best samples of this material have (BH) max = 4.2 
x 10° G oersteds, when H. = 570 oersteds and 4z/, 


= 10,400 G. 
H, oersted 
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Fig.9. Change of H, of four (4) samples of dia. 
0.3 mm in the annealing process at 570°C. 
- sample unstressed; 
- sample stressed at 26.5 kg/mm; 
0 - stress removed after 10 min. of annealing; 
x - stress applied after 10 min. of annealing. 
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Fig.10. Longitudinal magnetostriction of samples 

of dia. 2.5 mm, annealed at 600C for 30 min, 
without and with stress 
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On treating samples of the alloy of low prelim- 
inary reduction (75 per cent) the change of the 
properties and the magnitude of this change are 
identical for samples of the same alloy and dia- 
meter but not for those which have had greater 
preliminary deformation (91 per cent). However, on 
samples of small deformation because of the low 
value of /; and /, it is not possible to obtain higher 
values of (BH) max. 

On the basis of results obtained the following 
conclusion can be made about the actual mechanism 
of the effect of thermomechanical treatment on the 
properties of Vicalloy. Application of the stress 
during annealing has an effect on the course of pro- 
ducing structural transformations and this follows 
from the results of studying kinetics of normal and 
thermomechanical treatment. Changes of relative 
phase do not occur under that stress which is smal- 
ler; it is possible to visualize this through the 
invariable saturation; larger stresses lead to longi- 
tudinal transformation of the a - phase into the 6 - 
phase (saturation falls) this longitudinal transforma- 
tion takes place according to the type which is 
characteristic for ordinary annealing at high temper- 
tures (above 600°) - this follows from the unchanged 
resistance of the samples annealed at one tempera- 
ture, but under different stresses. This type of 
transformation leads to decrease of H,. Thus, a 
fall of /, and /, occurs owing to the transformation 
of the ferromagnetic into the non—ferromagnetic 
phase. 

On applying small stresses the increase of /, and 
the decrease of longitudinal magnetostriction with 
unchanged value of /,, indicates that these stres- 
ses cause an increase in the refinement of longi- 
tudinal magnetic texture. 

The growth of /; under the action of small tresses 
is specific for annealing temperatures of 450 to 
500°C. Application of tensile stress contributes to 
relieving the strains which exist along the axis of 
the sample as cold drawn wire. These stresses are 
lowered according to the measure of the increase of 
annealed temperatures (if the annealing is carried 
out without tension) because the effect of the 
stress on J, is greater the lower the temperature of 
annealing. 

Let us see if there are any principles which could 
be established on the rise of //- under thermomech- 
anical treatment. According to contemporary ideas 
the presence of single-domain magnetic structure 


and anisotropy of the single domain are necessary 
corollaries to producing a high //, in the alloy. On 
fulfilling these conditions, an additional increase 
of /i¢ can result also in producing a favorable mag- 
netic texture. Thus, in our case it can be assumed 
that growth of //, is bound up with increase of dis- 
persion in the alloy which contributes to an approx- 
imate single domain type magnetic structure with 
increase of anisotropy or with change of magnetic 
texture. 

As has already been said with thermomechanical 
treatment, growth of longitudinal magnetic texture 
occurs. However, this process produces, under 
stresses considerably smaller than those at which 
the growth of /’, of stressed samples ceases, com- 
pared with F’. of unstressed samples. Besides the 
increase in the refinement of magnetic structure in 
that stress interval is very small as can be judged 
from the change of the ratio /,//5._ For example, in 
Fig.5, for a sample annealed under a stress of 30 
kg/mm?, compared with a sample annealed but un- 
stressed the increase of 47/, amounts to 1 per cent 
and //, 25 per cent. Consequently, the observed 
increase of /, under thermomechanical treatment is 
not connected with the growth of longitudinal mag- 
netic texture. 

The greatest increase of H, is produced under 
stresses which do not cause an observable change 
of saturation and thus, the relative quantities of 
the a— and B— phases do not change. With the 
unchanged proportion of the a— and 6— phases in 
the alloy it is difficult to visualize a change in its 
degree of dispersion. Therefore the increase of H, 


under thermomechanical treatment cannot be ex- 


plained by increased dispersion in the alloy. 

The most jrobable law of growth of //, in Vicalloy 
owing to thermomechanical treatment from our point 
of view, appears to be the increase of anisotropy of 
the single domain formation produced by this treat- 


ment. 


This fact attracts attention in that the change of 
properties under the influence of small stresses 
during thermomechanical treatment has much in com- 
mon with the change of properties resulting from 
elongation of the samples at room temperature [1]. 
As in this case, so in others, (for samples, anneal- 
ed clse to the optimal temperature) a considerable 
increase of //, is observed with small increase of 
1; and an unchanged increase of /,. Elastic stress 
causes a relatively smaller effect on samples sub- 
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mitted to thermomechanical treatment compared 
with the effect on samples put through the usual 
annealing at the same temperature. All this per- 
mits us to express the hypothesis that thermomech- 
anical treatment under small stresses and elonga- 
tion at room temperature bring about a single type 
of change of magnetic structure in Vicalloy. 

Results of investigating the effect of elastic 
stresses on the magnetic properties of Vicalloy 
confirm the fact that elastic stress brings about 
increase of over-all magnetic anisotropy of the 
single domain formations in the alloy. In all pro- 
bability under thermomechanical treatment the 
increase of H, is connected with the increase of 
anisotopy of the single domains, but the mechanics 
of the formation of longitudinal anisotropy for these 
two cases must obviously be different. Under stress, 
the increase of anisotropy is connected directly 
with the influence of external stresses and occurs 
all the time as long as the sample is elongated. [n 
the thermomechanical treatment process, the action 
of the stress can be rbought to bear as much on the 
creation of residual pressures (voltages) as on 
changing the crystallographic anisotropy of the 
single domain formations or on changing their form. 

Now the change of H, under the influence of 
thermomechanical treatment can be understood if one 
assumes that the application of stress during 
annealing firstly stimulates the tension of magnetic 
anisotropy of the single domain formations leading 
to increase of //,, and secondly, causes longitudi- 
nal transformation of the a— phase into the B— 
phase causing decrease of /, . Under small stres- 
ses, the first process predominates and under larger 
stresses its influence is partially supressed by the 
action of the second process. 

Increase of (BH) max resulting from optimal 
thermomechanical treatment is connected with the 
following — changes of magnetic structure with 
increased magnetic anisotropy of the single 


domains (increase of //,) and with tension on the 
longitudinal texture of the vectors of spontaneous 
magnetization (which are reflected, chiefly, in the 


increase of /, 


CONCLUSIONS 

The effect of the-momechanical treatment on high 
coercive alloys was studied. It was shown that 
this treatment can considerably change the proper- 
ties of the high coercive alloy ‘‘Vicalloy”. 

Thermomechanical treatment of Vicalloy affects 
the course of structural transformations during an- 
nealing and that in its turn leads to change of mag- 
netic structure in the alloy. The increase of the 
coercive force which can be obtained from definite 
practice of thermomechanical treatment is explained 
apparently by the increase of over-all magnetic 
anisotropy of the single domain. 

A material was obtained named“ Thermecvaco” 
which has Fic greater than 550 oersteds and (BH) 
max greater than 4 x 10° G oersteds. 


Translated by W.J. KING 
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A large amount of theoretical and experimental work has been carried out on the ordering 
phenomena or superstructural transformations in alloys since their discovery by Kurnakov, 
Zhemchuzhnyi and Zasedatelev [1]. This was due to the fact that the phenomena of super- 
structural transformations in alloys are not only of a pure scientific but also of a practical 
interest as many physical properties (mechanical, electrical, magnetic) depend on them. 
This work describes investigations of the temperature dependence of the magnetic proper- 
ties of Fe, Al (25 at. —% Al), which according to Sykes and Evans [2] undergoes order - 
disorder transformation at approximately 550°C (Kurnakovy point). 


TEMPERATURE DEPENDENCE OF THE COERCIVE ya: 
FORCE AND OF THE INITIAL SUSCEPTIBILITY OF . ” 
Fe, Al ALLOY 200 20 





Fig. 1 shows the results of our measurements 
of the coercive force H. (curve a) and of the 
initial susceptibility ya (curves 6 and c) of the 15 
above alloy as a function of temperature. The speci- 
men used was cylindrical in shape with d= 4 mm 
and / = 47 mm. The measurements were carried out 
with an astatic magnetometer of sensitivity 10~7G ‘mm. 
The initial susceptibility curves were calculated 
with the help of the demagnetization factor, the 
value of which (N = 0.18) was taken from tables. 

The measurements were carried out in the following 
way : at each temperature the specimen was careful- 
ly demagnetized, kept for a definite time necessary 
to attain equilibrium and its initial susceptibility 
(curve b) and coercive force (curve a) were deter- Gs 500 400 600 ¢ (°C) 
mined magnetometrically. The initial susceptibi- 

lity (curve c) will be explained later. Fig. 1 represents FIG. 1 a —He (t), b— Xa (t), ¢ — Xa (t) 

the results of measurements carried out on a dis- 
ordered specimen i.e. on a specimen quenched pre- 
viously from 700°C (above Kurnakov temperature). 
llowever, the picture does not change qualitatively 

if we start with a specimen in fully ordered state, 
anneal it for 20 hr at 375°C and cool it slowly with 
the furnace to the room temperature. Specimen in the 
ordered state shows only slightly higher values of 
coercive force at low temperatures. At room tem- 
perature Hc for the disordered and ordered speci- measurements are similar to those of Komar and 
mens is 0.4 and 0.9 oersted respectively. The ini- Volkenshtein [3] who investigated the relation 

tial susceptibility changes correspondingly. llowever, between the coercive force of Ni,Mn and the quench- 
beginning from 400°C the relation between //c and ing temperature. They discovered a sudden jump on 
the coercive force curve in the vicinity of tle 



































showing the relation between Hc and the temperature 
coincides practically with the abscissa axis below 
400°C on account of the small scale. 

It can be seen from Fig. 1 that at the ordering 
temperature (=~ 550°C) a jump occurs on the coercive 
force curve and a corresponding minimum on the 
initial sucesptibility curve. The results of our 


Xa and the temperature is the same for both the 
ordered and disordered state. In Fig. 1 the curve Kurnakov temperature. However, in our case the 
coercive force is plotted against the temperature of 


measurement and not the annealing temperature as 
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KINETICS OF THE INCREASE IN THE COERCIVE 
FORCE DURING THE ORDERING PROCESS OF THE 
Fe, Al ALLOY 


The study of the change in the coercive force 
during the disorder — order transformation is of major 
interest. We have carried out the following experi- 
ments. A disordered specimen was placed in a fur- 
nace heated up previously to 480°C. The change of 
the coercive force was determined as a function of 
residence time in the furnace at 480°C (Fig. 2, 
curve a). It can be seen that the coercive force 
increases during the transformation from 0.5 to 130 
oersteds in 3 hr. A similar increase of the coercive 
force with time is observed at other temperatures 
between 400°C and the Curie point. Below 400°C 
however, even a long heating does not lead to a 
noticeable increase in the coercive force. For ins- 
tance, the coercive force of a specimen kept for 
10 hr at 350°C did not increase from the initial 
value of 0.4 oersted. 
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FIG. 2 a—He (7), b-y (7), c— xX (7) 


In agreement with the modern views [4] on the 
nature of hysteresis of highly coercive alloys it is 
possible to present the following mechanism for the 
increase of the coercive force with time at the tem- 
perature of disorder — order transformation. During 
the ordering process a structure in the disordered 
crystal matrix is formed in which the particles of 
the ferromagnetic phase are magnetically insulated 
from each other by non- ferromagnetic laminae. If 
these particles are sufficiently small then a single 
domain material results. In such a case magnetiza- 
tion of the specimen will take place by the difficult 
process of rotation. It is very probable that in our 
case the rotation of vectors of spontaneous magne- 
tization will be impeded by the forces of anisotropy 
of the demagnetizing of particles, because only 


these forces can give the highest value of the coer- 
cive force in the neighborhood of Curie point where 
the constants of anisotropy and magnetostriction 
are small. It would seem that by quenching our 
specimen from temperatures close to the Kurnakov 
point where the coercive force is high we would 
obtain the same coercive force at the room tempera- 
ture, similar to Komar and Volkenshtein in their 
experiments with the Ni,Mn alloy. However, this 
assumption was not true. The coercive force of the 
Fe,Al alloy was at the room temperature always 
smaller than 1 oersted independent of the heat 
treatment. For instance by quenching a specimen 
from 480°C where its Hc = 130 oersteds we have 
obtained at 20°C Hc = 0.8 oersted. The quenching 
was performed in a very careful way. The specimen 
was suspended on a wire in the vertical magneto- 
meter furnace and was heated to 480°C. After the 
determination of the coercive force at this tempera- 
ture }H- = 130 oersteds) the wire was cut and the 
specimen allowed to fall into a water tank under- 
neath the furnace. The coercive force after this 
procedure was 0.8 oersted as mentioned above. 
Also a slow cooling of the specimen from these tem- 
perature from these temperatures gave the coercive 
force of a similar magnitude. Actually, not only at 
the room temperature but at temperatures little below 
400°C (e.g. 350°C) it is impossible to obtain 

He > 1 oersted. l.ong heating at that temperature 
did not increase the initial value of the coercive 
force equal to 0.4 oersted. This means that in the 
alloy Fe Al the high coercive force is observed 
only‘ in the vicinity of the Kurnakov temperature, 
where the order — disorder transformation occurs. 
The structure corresponding to this transformation 
is stable only at high temperature. 


THE SUSCEPTIBILITY OF THE Fe, Al ALLOY IN 
THE VICINITY OF THE KURNAKOV TEMPERATURE 


The results of our measurements of the initial 
susceptibility as a function of temperature are 
shown in Fig. 1 (curves 6 and c). It is obvious that 
the curves 5 and c differ substantially. Curve 6 was 
obtained in the usual way. At a certain fixed tem- 
perature the specimen was demagnetized, kept at 
this temperature for a definite time to attain 2quili- 
brium and then the first part of the magnetization 
curve was determined from which the initial suscep- 
tibility was deduced. Curve c was obtained in a 
slightly different way. A weak magnetic field He 
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was applied to a specimen placed in the furnace at 
the room temperature. The magnetic field was main- 
tained constant during the heating up process, i.e. 
magnetization was measured as a function of tem- 
perature from which the relation between the tem- 
perature and the initial susceptibility was computed. 
It is immaterial in the case of ordinary alloys in 
which way the initial susceptibility is measured. 
The difference between the methods described 
above can lead to somewhat higher values of the 
initial susceptibility calculated by method (c), 
because in the first case (b) the extrapolated value 
of the susceptibility is obtained and in the second 
case (c) the susceptibility is determined in a 
certain finite field. However, if the field He is 
sufficiently small so that the magnetization in 

it is reversible this difference disappears. For 

our alloy Fe, Al the curves b and c do not coincide. 
To explain this let us consider again Fig. 2 (curves 
b and c). Curve 6 was obtained by inserting a dis- 
ordered specimen (quenched from 700°C) into the 
magnetometer furnace maintained at 480°C and an 
external magnetic field (8.12 oersteds) was imposed 
after definite intervals of time (2,4,6 min, etc.). The 
corresponding valeurs of magnetizability /, which 
depended essentially on the time of residence in the 
furnace were determined. However, in such a way the 
exact relation between / and 7 could not be deter- 
mined because the actual magnetic field H; in 
which our specimen was placed varied with time. 
The external magnetic field Hg remained constant 
during the experiment but the internal magnetic 
field Hj; increased from reading to reading as the 
magnetization decreased. This is easily under- 
stood if we recall formula Hj = He — NI. The curve 
showing the relation between the susceptibility 

x, and time which was obtained from measure- 
ments of / as a function of time 7 taking into ac- 
count the change in the internal magnetic field 

H;, fully represents the time effects occurring at 
Kurnakov temperature. In this way the curve 6 
shows the relation between the susceptibility and 
time of specimen residence in the furnace at 

480°C in the absence of a magnetic field. The 
straight line c represents the relation between the 
susceptibility and time at this same temperature. 

In this case the specimen was placed in the furnace 
at 480°C, but a magnetic field of 8.12 oersteds was 
previously imposed in the coils of the magneto - 
meter. As in the previous case the relation between 
I and 7 was determined from which the susceptibility 


was calculated as a function of the residence time 
in the furnace at 480°C in the presence of a magne- 
tic field. A different relation was obtained. For ins- 
tance, at 7 = 21 min in the case c, y = 28, and in 
the case b, y = 1. The difference is caused by the 
fact that in the first case the specimen remained in 
the furnace for 2] min in the presence of a magnetic 
field and in the second case (b) without it. 

The relation between the susceptibility and time 
at the Kurnakov temperature (b) described above can 
be due to two causes. 

(1). To the phenomenon known in the theory of 
ferromagnetism as decrease of permeability with 
time or disaccommodation. The essence of this 
effect is as follows. If the susceptibility of a speci- 
men is measured immediately after its demagnetiza- 
tion or, in general, after any change of the magnetic 
field it appears to be much higher than after a cer- 
tain interval of time r. 


(2) The second cause of the decrease of permea- 
bility with time can be the irreversible phase or 


chemical changes in the specimen which tend to 
bring the specimen to the state of thermodynamic 
equilibrium (deposition of a non-magnetic or a 
weakly magnetic phase, reaction with the surround- 
ing medium, relaxation, recrystallization, etc.). 
The essential characteristic of these processes is 
that they are not sensitive to magnetic influence. 
The state established as a result of such proces- 
ses cannot be changed by means of demagnetiza- 
tion. In this they differ from the disaccommodation 
effect. As shown in Fig. 2 (curve 6) the susceptibi- 
lity of our specimen during the stay in the furnace 
at 480°C falls from 28 at r= 0 to ] at r = 70 min. 
The experiment shows that this process is irrever- 
sible. When the value y = 1 is obtained it is impos- 
sible to increase it by any magnetic effect (in 
particular by demagnetization). It follows that the 
effect of disaccommodation cannot explain our rela- 
tion between the susceptibility and time. The ex- 


planation of the decrease in permeability with time 
should be sought in the second effect — the irrever- 


sible phase change. 

When explaining the increase of the coercive 
force with time at the ordering temperature we said 
that at the Kurnakov temperature the homogeneous 
structure of a ferromagnetic material breaks down 
and a structure appears whicl: makes the material 
magnetically rigid causing an increase in the coer- 
cive force and a corresponding decrease in the 
permeability (Fig. 2, curve 6). However. if the 
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specimen is kept in a magnetic field its susceptibi- 
lity does not decrease with time (as it can be seen 


from Fig. 2, curve c) but remains constant and 


equal to the initial value of y which corresponds to 
the homogeneous structure. It is possible to give 
the following explanation. When the homogeneous 
structure breaks down vectors of the magnetiza- 
tion Is of small individual particles of the ferro- 
magnetic plase assume random space distribution. 


In the presence of an external magnetic field H a 
dominant direction appears — the direction of the 
magnetic field H about which the vectors / will be 
oriented. Therefore the magnetization (and also 
susceptibility) should not decrease with time if the 
breakdown of the homogeneous structure occurs in 
the presence of a magnetic field. Further increase 
of magnetizability requires a large loss of energy 
by the external magnetic field which decreases 
sharply the susceptibility. This was observed in 
our experiments. After maintaining the specimen in 
the furnace at 480°C in the presence of a magnetic 
field (Fig. 2, curve c) the magnetic field was further 
increased and the corresponding increase in the 
magnetization was measured. The calculated values 
of susceptibility were of the same order as during 
the annealing of the specimen in the absence of a 
magnetic field (Fig. 2, curve }). 

It is possible now to understand the difference 
between the curves b and c in Fig. 1 representing 
the relation between the initial susceptibility of 
Fe, Al and temperature. In one case (c) the magne- 
tization —temperature relation was studied in a 
constant weak magnetic field and the values of y 
were calculated from it. From what has been said 
above it is clear that we will not obtain in this 
case the sharp decrease in susceptibility at Kurna- 
kov temperature caused by structural trans - 
formations. tlence the curve c in Fig. 1 lies con- 
siderably higher than the curve 6 which represents 
the decrease of initial susceptibility during the 
order —disorder transformation. 


KINETICS OF THE MAGNETIC VISCOSITY OF THE 
Fe, A) ALLOY DURING THE ORDERING PROCESS 


Let us consider again Fig. 2 (curve 6) in which 
the dependence of susceptibility y on the time of 
residence in the furnace at Kurnakov temperature is 
represented. 

We have carried out the following series of ex- 
periments. After keeping the specimen of Fe, Al 
in the furnace in the absence of a magnetic field 
for a time 7 (r = 2,4,6, min, etc.), a magnetic field 


He of 8.12 oersteds was applied and the instanta- 
neous values of magnetization /, i.e. values of | 

at “y = 0 (by “y we denote the time during which 
the specimen remained in the magnetic field H) and 
its later values were recorded. That is to say that 
the curve | ";,) was obtained at a constant value of 
the external magnetic field H. From this the rela- 
tion X (7;;) was calculated taking into account the 
demagnetization factor of the specimen. The results 
of our measurements in the form of relation between 
X and 7; for a number of points on curve b (Fig.2) 
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are shown in Fig. 3. By 7 we denote the time of 
residence of the specimen in the furnace at the 
Kurnakov temperature in the absence of a magnetic 
field. Various curves in Fig. 3 corresponding to 
various values of 7 correspond to points on curve 

b (Fig. 2.). We can see in this way that stationary 
values of y (or /) are reached not at once after the 
change of tle external magnetic field but during a 
variable interval of time lasting up to several hours. 
For instance after annealing for 2 min the equili- 
brium value of y is reached after 2 min, but after 
annealing for 73 min the equilibrium value was 

not reached even after 3 hr. This means that we 
deal here with an enormous magnetic viscosity 
discovered in 1948 by Jelesnin usually referred to 
as superviscosity. 


Translated by S.K. Laclowicz 


Moscow State University Received 6th Marcl, 1956. 
of M.V. T.omonosov 
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ON TEXTURE IN IRON SCALE ~ IX. ELECTRON DIFFRACTION INVESTIGATION 
OF TEXTURES IN THE HAEMATITE LAYER AT DIFFERENT STAGES OF THE 
OXIDATION OF IRON IN AIR* 


V.I. ARKAROV and B.S. BORISOV 
Ural Institute of Metal Physics, Academy of Sciences USSR 
From “Physics of Metals and Metallography”, IV, 76-85 (1957) 
(Received 30 May 1956) 


A systematic electron diffraction study was made of the textures in oxide films formed by oxida- 
tion of iron at 300- 900°C. for periods ranging from 5 min to 48 hr. It was shown that the dif- 
ferent types of texture varied in regular accordance with the oxidation conditions. Certain con- 
tradictions in the literature on this problem were clarified, and the hypothesis is put forward 
that although texture changes are due mainly to the diffusion of oxygen or iron atoms, recrystal- 
lization of individual layers of the scale is also important. 


Structural analysis by means of X-rays and 
electron diffraction have revealed the presence of 
different crystallographic types in oxide layers 
formed on iron in air, under varying conditions of 
temperature and time. 

There are data on at least four different types 
of texture in the outermost layer of mill scale, con- 
sisting of haematite. The corresponding data on 
textures in the deeper layers are likewise varied 
It is thus necessary to review all these data 
together and to work out a single explanation for 
the whole variety of those structural changes in 
scale which govern the formation of different types 
of texture. 

Nelson [1,2] investigated with the electron micro- 
scope the surface of iron which had been oxidized 
at temperatures ranging from room to 260°C. tle 
established that at close to room temperature a 
thin t “primary” film of a-Fe,0, forms on the sur- 
face of iron. 

Moreover, in oxidation tests with textures iron 
it was found that the primary a-Fe,0, crystals were 
related to the iron crystals by the same orientation 
relationship as that observed by Mehl and his co- 
workers [3,4] in tests with single crystals at 
higher temperatures. 

Correspondingly, on non-textured iron there 
is no texture in the primary y-Fe,0, film 

When the temperature is increased or maintained 


for a sufficient long period * an outer layer of 


haematite (a-Fe,0,) begins to form whereby initial- 





* Fiz. metal. metalloved. 4, No. 1, 
76- 83, 1957[ Reprint Order No. POM 12 |. 


t Here and in the following H signifies haematite, the 
indices being given for the rhombohedral system of 
axes, and OS outer surface; 


ly this layer is so thin that the electron diffraction 
patterns both the a-Fe,0, lines and the lines of 
the y-Fe,0, layer beneath it. As the oxidation 

time is increased, the a-Fe,0, layer thickens and 
masks the y-Fe,0, layer, and only haematite lines 
are obtained. The same occurs when the oxidation 
temperature is correspondingly increased. 

In this stage of oxidation the outer haematite 
layer consists of very finely dispersed crystallites: 
the diffraction rings are very blurred, and textural 
maxima are visible. The position of the latter cor- 
responds to a fiber texture **. 


(111) H || OS (1) 


which is independent of the orientation of the iron 
crystals. 

In the next stage of oxidation the duration of 
which diminishes with increasing oxidation tem- 
perature, a change occurs in the structural state 
of the haematite layer: the diffraction lines become 
sharply defined, and the previous textural maxima 
are replaced by new ones which correspond to a 
texture 


(211) H || OS 


This texture is far from complete and, just as 
the first, does not depend on the orientation of the 
iron crystals, i.e. it also has a radial character. 
The fact that this structural change in the haematite 
layer is accompanied by more sharply defined dif- 
fraction lines indicates that the size of the crys- 
tallites is increasing. 


** At 240°C about 14hr are required. 
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(111) H || OS 


In discussing his results, Nelson rightly noticed 
a connexion between the radial character of the 
texture and the direction of diffusion, by which which becames perfect to a high degree at tempera- 
oxidation proceeds, and relying on the results of ture above 900°C. Inthe underlying magnetite layer 
observations by Pfeil [5], considered it more pro- a texture of 
bable that the iron diffuses rather than the oxygen. 
However, Pfeil’s data refer to the latest stages of (100) M || OS 
oxidation which was also carried out at consider- 
ably higher temperatures. Consequently, it is im- is established at the same time [9] 
possible to call this conclusion of Nelson justi- The papers [11,12,13] discuss the mechanism of 
fied. Nelson is similarly not justified in rejecting the structural changes which produce the transi- 
the possibility of recrystallization as a reason for tion from textures (4) and (4°) to textures (5) and 
the coarsening of the haematite crystals in the (5°). However, the mechanism of the occurrence of 
outer layer. textures in the earlier stages of oxidation and the 
Below we shall produce evidence in favor of an mechanism of transitions from one stage to the other 
opposite point of view. remained unclarified. 
liyake [6] made an electron diffraction study The object of the present work was to link 
of oxide layers which formed on iron when oxidiz- together all the experimental data above and: 
ed in air at 300-900°C. for very short periods. He (a) to verify on the same materials other things 
therefore studied comparatively thin films and being equal how texture develops and changes in 
observed only two oxides Fe,0, and Fe,0,. the outer haematite layer of iron scale which has 
tlaematite (a-Fe,0,) was always observed on been produced by systematic variation of the oxi- 
the outer surface of the iron at temperatures above dation temperature and time; and 
250°C, whilst beneath the haematite a layer of (b) to explain the reasons for the occurrence of 
magnetite (F'e,0,) was formed at 300- 900°C. different textures under different oxidation condi- 
The specimens showed generally a noticeable tions and the mechanism of structural changes in 
orientation of the haematite crystals, such that scale which govern transitions from one type of 
texture to the other. 


(101) H || OS (3) 


} } LN N SU 
The texture was perfect to a remarkably high Se ee ee 


degree at 500-700°C. Specimens of Armco iron, 20 x 10x 1.5 mm, 
Oxide layers formed on iron in air at 600- 850°C were oxidized in an open electric tube furnace at 
were studied by Arkharov and Butra [7], using the different temperatures and for different periods of 
X-ray method. If oxidation in this temperature time. After oxidation, the specimens were studied 
range was not carried out for too long, the scale by electron diffraction on a type E.M- 4 instrument. 
was found to have an outer haematite layer with All electron diffraction patterns gave haematite 
the following texture : lines with textugal maxima corresponding to the 
textures of the different crystallographic types. The 


(112) H || OS (4) 


In the underlying layer of magnetite (M) the fol- 
lowing texture was present : 


(110) M || OS (4°) 


Both these textures were fairly imperfect, and at 
lower temperatures X -rays revealed no texture. 

When oxidation is carried out for a sufficiently 
long period, varying inversely with the temperature FIG. 1 Electron diffraction pattern of an iron 
level, structural changes occur in scale and a tex- surface oxidized in air at 300°C for 20 min. 
ture is developed in the outer haematite layer [8] Texture (111) H parallel to the outer surface. 
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FIG. 2 Electron diffraction pattern of an iron 
surface oxidized in air at 350°C for 20 min. 


FIG. 3 Electron diffraction pattern of an iron 
surface oxidized in air at 500°C for 20 min. 
Texture (101)H parallel to the outer surface. 


FIG. 4 Electron diffraction pattern of an iron 
surface oxidized in air at 600°C for 48 hr. 
Texture (112)H parallel to the outer surface. 


FIG. 5 Electron pattern of an iron surface oxi- 
dized in air at 800°C for 2 hr. Texture (111) H 
parallel to the outer surface 


results of these tests are given in Table 1, and 
several typical electron diffraction patterns are 


shown in Figs. 1-5. 


DISCUSSION OF THE RESULTS 


The nature of textures (5) and (5’) and the struc- 
tural changes which govern the transition of tex- 
ture (4) — (5) and of (4°) — (5’) were explained to a 
large extent by X -ray studies [8-13 |. 

Texture (5) is the texture of the free growth of 
new layers of haematite crystals on the outer 
surface of the scale produced by diffusion of iron 
fron the metallic interior of the specinien through 
the scale 

Texture (5°) is the texture of the recrystallized 
growth of magnetite crystals which are subject to 
severe deformation as they form during the haema- 
tite —magnetite transformation at the interface of 
tle outer and inner layers of scale. 

Consequently, when textures (5) and (5”) are 
developing, the oxidation of iron is characterized 
chiefly by a stronger diffusion of iron outwards 
through the layers of scale rather than by diffusion 
of oxygen inwards. 

The transition from stage (4) — (4’) to stage 
(5) —(5’) is connected with a peculiar structural 
rearrangement in the outer surface of the haematite 
layer whereby modification a ~(a complete a-Fe,0, 
lattice with excess oxygen atoms forced into the 
interstices) passes into modificationa “(a haema- 
tite lattice complete as regards oxygen, but with 
a certain number of iron vacancies and having the 
sathe composition as a *,i.e. deviating in the same 
way from the stoichiometric composition F'e,0, by 
excess oxygen). Iron can diffuse more readily out- 
wards through the haematite layer, precisely 
because these iron vacancies are formed in the 
haematite lattice, and the deeper layers of the scale 
are consequently affected in turn. 

In the stage where the texture (4) — (4°) develop, 
the diffusion of iron weakens and the haematite 
layer grows in depth with time on account of the 
magnetite — haematite transition at the interface 
between the outer and inner layers of scale, in 
contrast to the stage (5) — (5”) which has just been 
discussed. This growth of the haematite layer in- 
wards, at the expense of the magnetite layer with 
a (4°) texture, is accompanied by the formation of 
texture (4). The nature of the changes which affect 
the transition of the haematite layer from the stage 
with texture (5) to the stage with texture (4) can be 
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TABLE |] 





Crystallographic Type of the Texture which Appears in the 
Outer Haematite Layer at Different Temperatures (°C) 





350 | 400 | 500 | 550 


600 650 700 75U 800 





(iit) | (11) |i 


5 min. 


10 min. (111) | (111) | (101) 


20 min. None#| None#| (101) 


### | (101) | (101) 


(101) | (101) | (101)* 


(101) | (101) | (101)* 


(101) | (101)*| (101)* 


(101)*) (101)*} (101)* 


(101)* 

















(101) 


(101) 





(101) 
(112) 
(101) 
(112) 
(101) 
(112) 
(112) 
(111) 


(112) 
(101) 
(112) 
(111) 
(111) 
(112) 


(112) 
(lol) 


(101) 
(112) 
(1U1) 
(112) 


(111) 


(101) | (101)? 


(101)* | (101)* (111) 


(101) |(1U1) |None 
(101) 
(101)*} (112) 
(101) 
(112) 
(101) 
(112) 
(101) 
(112) 
(112) 
(101) 
(112) 
(101) 
(112) 


None (111) 


None | (1! 1) 


(111) 
None | (111) 


None 


None 




















| 
‘ 


* Textural maxima were found also in (101) A. 


** Sharply defined rings without signs of texture. 


*** Faint, undecipherable signs of texture. 


(The above Table gives the predominant of any two textures.) 


explained as follows. 

The structural changes in scale involving transi- 
tion from texture (1) to (2) or (3) and also from (4) 
to (5) do not have a definite temperature limit. 
They occur at any temperature after a sufficiently 
long time which becames shorter as the temperature 
is increased. 

However, the transition from texture (3) to (4) 
occurs only when a certain temperature, in the 
neighbourhoodof 600°C, is exceeded. This tem- 
perature is very rear to the lower temperature limit 
of the stability of wustite (Fe0): and we suggest 
that the structural change in scale which affects 
the change of texture in the haematite layer from 
(3) to (4) produces wustite in the inner layer of 
scale. 

The apperance of texture (3) can be understood 
by considering the results of a special series of 
tests in which we oxidized single crystals of 
natural magnetite at about 600°C. First, a thin 
pseudo -monocrystalline layer of a ” -haematite 


appeared on the surface of the natural octahedral 
grain of magnetite (13), but as oxidation continued, 
recrystallization occurred in the outer part of this 
layer, producing a layer of polycrystalline a”- 
haematite with a radial texture precisely of type 
(3). Evidently, this recrystallization is produced 
by the hardening which results from the local 
plastic deformations which produced stresses in 
the primary pseudo - monocrystalline layer of a”- 
haematite; this hardening develops up to a critical 
value as the layer grows. 

By analogy with the case of the magnetite single 
crystal, it is possible to consider that when iron 
is oxidized, texture (3) also appears as the texture 
of the recrystallization of haematite which under- 
goes self-hardening when it forms at the boundary 
with the underlying layer of magnetite. 

It is known from a number of papers on the phase 
nature of low-temperature oxide films on iron that 
the independent magnetite layer is not formed from 
the very beginning of the oxidation, but only after 
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the a-Fe,0, layer has reached a certain thickness 
(14, 15]. 

Similarly, the appearance of texture (3) is con- 
nected with the development of an independent 
magnetite layer in the scale between the outer 
haematite layer and the metal. This is in agreement 
with the fact that we observed the faint but defi- 
nite (400) line of magnetite which did not overlap 
with the haematite lines when texture (3) was 
present. 

The earlier stages of oxidation can be determined 
by the absence of the magnetite layer. Here, the 
haematite is evidently joined to the metal through 
a transitional zone of a-Fe,0,. In these stages, as 
in the very first stage, until haematite appears the 
phase a-Fe,0, is in a very finely disperse state 
and gives very blurred diffraction lines. 

When the outer haematite layer first appears, its 
lines are also very blurred, the crystallites in the 
haematite layer very small and orientated according 
to type (1), and the texture fairly imperfect. From 
these structural characteristics it can be assumed 
that in the first stage of formation of the haematite 
layer the reaction proceeds inwards where new 
layers are formed, at the expense of the oxygen 
diffusion from within. The haematite crystals grow 
towards the metal which produces the primary 
texture (1). Phase - hardening then appears, reach- 
ing a critical value as the haematite layer thickens 
and producing recrystallization; grain growth oc- 
curs, the diffraction lines become sharply defined, 
and a new texture appears. On the other hand, as 
haematite layer thickens, it enables a layer of a 
lower oxide of magnetite to form beneath it; this 
zone develops from the transitional zone of the 
a- oxide which existed earlier. 

Texture (2) appears as the texture of the recrys- 
tallization of haematite before magnetite has formed 
under it. However, since the latter is formed ap- 
proximately at the same moment at which the primary 
haematite begins to recrystallize, texture (2) is 
observed as a transition state between (1) and (5) 
whereby it reaches a noticeable degree of per- 
fection far from always or in every case. 


Owing to this lack of perfection it cannot, strict- 


ly speaking, be accurately interpreted. This refers 
both to our experiments and to the electron dif- 
fraction published by Nelson. It is significant that 
electron diffraction patterns with texture (2) do not 
show the (400) magnetite line, whilst it appears 
together with texture (3). 

The texture of recrystallization of the primary 


haematite changes according to whether it grows 
in association with the metallic iron or with the 
magnetite layer, the deciding factor being the 
magnitude and character of the dimensional dif- 
ferences between the associating crystal lattices 
in the two cases; these differences produce dif- 
ferent elastic stresses, and consequently self- 
hardening. 

When the lower temperature limit of the stability 
of wustite is exceeded a new internal layer of scale 
appears between the magnetite layer and the metal. 
This alters the conditions under which the magne- 
tite grows inwards, and this change is transferred 
to the outer zone where the magnetite and haematite 
associate. In turn, the change in the character of 
this association is reflected also in the growth 
of the haematite layer (at the expense of the magne- 
tite layer), producing in particular a new type of 
texture (4). It should be mentioned that in this 
stage texture (4°) is observed in the magnetite 
layer, and it is not observed in earlier stages and 
at lower temperatures when the haematite has 
texture (3). (In this stage, when the haematite 
layer has texture (3), the magnetite layer has 
obviously a texture which cannot be deciphered 
since there is not sufficient data on the electron - 
diffraction diagrams which show only the (400) line 
with lateral textural maxima.) 

The formation of the inner wustite layer may 
affect the formation of the outer oxide layers also 
in that iron can diffuse outwards more easily when 
the wustite is present. 

However, as shown already, iron diffusion to a 
full extent becomes possible only when the haema- 
tite layer in the outer surface has passed com- 
pletely from modification a”, into modification a~ 
which is accompanied by a change in the mechanism 
of the building up of the scale layer and the appear- 
ance of textures (5) — (57). 


SUMMARY 


(1) The oxidation of iron in air passes through 
a series of stages in which the structure of the 
scale and the mechanism of growth of its layers 
differ in their characteristics. In particular, this 
occurs in the haematite and magnetite laeyrs. The 
stages can be characterized as follows: 

(a) After formation of the primary film of a-Fe,0,, 
a heamatite layer forms which associates with the 
metal through a transitional zone of the y- oxide. 
The haematite layer grows inwards at the expense 
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of the diffusion of oxygen from within and is ac- 
companied by the development of texture (1) and the 
accumulation of stresses; 

(b) These stresses produce self-hardening, and 
when haematite formation is in its first stage, it 
leads to recrystallization in the process of which 
the haematite crystals coarsen slightly and acquire 
texture (2); 

(c) The haematite layer thickens and just at 


this moment, independently of the structural changes 


in it, assists the formation of a separate magnetite 
layer between the metal and the haematite layer. As 
this change in the crystal chemistry of the associa- 
tion of the haematite and magnetite layers is pro- 
ceeding, it alters the self -hardening of the haema- 
tite which is forming and the course of its recrys- 
tallization; this shows itself in a change of texture, 
and texture (3) develops; 

(d) When the lower temperature limit of the 
stability of wustite is exceeded, it enables a 
further internal layer of wustite to be formed in the 
scale between the metal and the magnetite layer. 

This change in the crystal chemistry of the 
association of the scale with the metal affects the 
structure of the magnetite layer and produces in it 
a change of texture whereby texture (4”) appears. 
This is passed on also to the association of the 
haematite and magnetite layers, leading to a change 
of texture in the latter when texture (4) appears; 

(e) In the following stage the surface layer of 
haematite is rearranged from a” > a” which makes 
possible an increased diffusion of iron in an out- 
ward direction. This alters the mechanism of growth 
of the haematite and magnetite layers and enables 
textures (5) and (5”) respectively to develop in 
them. 

(2) The wide variety of structural differences 
in iron scale which are observed in different tem- 
perature ranges and periods of oxidation can be 
interpreted from a single point of view, as follows: 

(a) Inthe early stages of oxidation at low tem- 
peratures for long periods, the diffusion of oxygen 
invards through the scale to the metal is the pre- 
dominating factor; diffusion of the metal outwards 
is at this stage not important; reactions occur 
mainly on the inner side of the oxide layer; when 
the lower temperature limit of the stability of 
wustite is exceeded, an inner layer of the latter 
‘forms, and the diffusion of the metal in an outward 
direction becomes slightly more important, but 
diffusion of the metal develops fully only when the 
surface zone of the haematite layer is rearranged 


from a” > a”; after this, diffusion of the metal has 
a predominating influence compared with the dif- 
fusion of oxygen; 

(b) As the crystal-chemical conversions are 
taking place at the boundary layers of the solid 
phases, they are accompanied by a self -lhardening 
of the crystallites formed as a result of the volume 
changes during the conversion and the elastic de- 
formations in the association of the original and 
newly formed phases; as the layers grow in thick- 
ness, the self-hardening is accentuated and at a 
certain point produces recrystallization; the tex- 
ture of the recrystallization growth may appear , 
showing the effect of the orientation of the harden- 
ing produced by it, and also the texture of the 
original phase in the layer; the reaction towards the 
open outer surface of the scale is accompanied by 
the formation of the texture of free growth. 

(3) The transitions from stages with texture (1) 
to (2) and further to (3) can occur at different tem- 
peratures whereby the duration of the respective 
stages diminishes with increasing temperature. 
The strong temperature dependence of the duration 
of the stages means that at a sufficiently low tem- 
perature the later stages are not observed within 
practicable periods of time, whilst at sufficiently 
elevated temperatures it is not possible to notice 
the earlier, rapidly occuring stages. 

The same applies to the transition from the stage 
with textures (4°) — (4) to the stage (5°) — (5). 

With certain reservations, the respective stages 
can be related to definite temperature ranges, but 
it should be remembered that these stages of oxi- 
dation have not only a temperature gradation, but 
also a time gradation. 

Only the transition from the stage with texture 
(3) to the stage with texture (4°) — (4) has a unique 
temperature limit — the lower limit of the stability 
of wustite. At temperatures below this limit, there- 
fore, it is not possible to obtain the transition (3) 
+ (4°) — (4) by prolonging the time of oxidation. 


Translated by R. Hetherton 
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Abstract: 


The article examines the results of investigations into the influence of the porosity of metallo- 
ceramic constant magnets made from the alloys Alni, Alnico, Magnico and Cunico on their magne- 


tic properties. 


Some empirical formulae are advanced, expressing the dependence of the magnitude of the 
maximum magnetic energy and residual induction of metallo— ceramic constant magnets on the 


concentration of pores in them. 


The difference in the magnetic properties, observ- 
ed in cast and metallo-ceramic magnetically - 
constant alloys of the same composition, is as a 
tule explained by the greater porosity of the latter. 
The pores act like constant non - ferromagnetic 
impurities, worsening the properties of the magnetic 
allovs. In an earlier experiment [1] we established 
certain general cules on the dependence of the 
residual induction and coercive force of magnetic 
systems on the concentration of pores and non- 
magnetic particles and it was found that when there 
is an increase in the amount of the non-magnetic 
phase a reduction in induction is observed, but the 
coercive force does not change. Kazarnovskii 
[2] has described a method of calculating the curves 
of demagnetization of magnets containing non — 
magnetic impurities. 

In these experiments the influence of pores was 
explained by a reduction in the effective volume of 
ferromagneticc material and the action of the pores 
as air spaces in the magnetic system: the small 
demagnetized fields arising on the tops of the 
pores lower the general non.- magnetization of the 
ferromagnetic. 

The influence of the pores on the properties of 
magnets has also been examined by Fahlenbrach 
[3!, who has found, on the basis of calculating the 
curves of demagnetization of porous magnetically- 
constant materials, that in contrast to the first 
viewpoint the action of the pores amounts mainly 
to a reduction in the active cross -section of the 
magnets, and that cases of demagnetizing influence 
must be met with very rarely. 

However as yet no general picture based on ex- 
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perimental investigations has been presented of 
connexion between the magnetic properties of 
metallo-ceramic magnets and their porosity. The 
exposure of such connexions is undoubtedly a 
matter of interest both for the theory of highly 
coercive materials and for practical use, since it 
could facilitate the construction and control of 
metallo-ceramic magnets. In addition, it could 
facilitate the adoption of the method of power 
metallurgy for the processing of new magnetically - 
constant materials, enabling metallo- ceramic 
specimens to be used as models of cast alloys. 

In this experiment we studied the dependence of 
the most important technical characteristics of 
metallo-ceramic constant magnets — i.e. their 
coercive force, residual induction and maximum 
magnetic energy — on the volume of pores. 


METHOD AND RESULTS OF THE EXPERIMENTS 


Specimens of magnets were prepared by the 
metallo—ceramic method from five alloys (Table 1). 
Specimens of hard and brittle iron - nickel - 
aluminium alloys were pressed froma blend of 

TABLE 1 





Chemical composition % 





Alloy / , Cu Fe Ni 





Magnico 3 . 14 





Alnico 6 17 
Alni 4 25 








Funico 41 35 24 























Cunico 28.5 48.5 23 





metallic powders at pressures varying from 2 to 15 
ton/cm?, for the purpose of obtaining varying degrees 
of porosity. The porosity of the pressed products 
changed from 8 to 36 per cent. They were then 
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baked under identical conditions in an atmosphere 
of pure hydrogen, and then subjected to the follow- 
ing thermic processing essential for the production 
of highly magnetic properties : alni—hardening, 
and annealing, magnico — hardening with simulta- 
neous superimposition of the magnetic field and 
annealing. The finished specimens had from 3 — 


21 per cent pores (Fig. 1). 


FIG. 1 Pores in metallo—ceramic magnets. 

(a) The microstructure of the alloy alnico X 80 

(b) The microstructure of the alloy magnico X 1760 
Cleansed in a solution of 5% FeCl, + 10% 


HC] in spirit 


Specimens of plastic copper -nickel-cobalt 
alloys were pressed from a blend of powdered 
copper, nickel and cobalt at a uniform pressure of 
10 t/cm? and baked in an atmospheric envelope 
consisting of gases containing carbon. The baked 
specimens, having an approximately equal porosity, 
were pressed (that is,were compressed in a press 
mould) at pressures varying from 1] to 12 t/cm’; 
in addition, some specimens were left without 
supplementary pressing. Then the specimens were 
hardened and annealed. The varying conditions of 
supplementary pressing enabled us to obtain speci- 
mens of copper-nickel -cobalt alloys with pore 
concentrations of from 4 to 26 per cent. 


The relative volume of the pores (P, per cent) 
was calculated by the formula 
P= dod 
do 


100, 


wliere d° equals the density of the alloy where 
pores are absent (the practical density of the cast 
alloy), and d equals the density of the metallo— 
ceramic specimen. 

The significance of the magnitudes do, utilized 
in this experiment, is slown in Table 2. The den- 
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sity of the specimens was determined by dividing 
their weight by their volume. The coercive force 
was measured by the standatd method (of breaking, 
relative to the intensity of the magnetization of 
specimen I.) 

TABLE 2 





Alnico Alni Cunico * 


Alloy Magnico 





8.3 








do,g/em?| 7.3 7.1 7.0 











* 35% Cu, 24% Ni, 41% Co and 48.5% Cu, 23% Ni, 
28.5% Co 

The residual induction was measured by the bal- 
listic method, in a closed magnetic circuit. The 
maximum magnetic energy was determined by 
graphic interpolation on the curve BH = / (B). 
The magnetic characteristics, essential for cons- 
tructing the curve of demagnetization B = f/ (—H), 
were measured in an electromagnet with a magnetic 
circuit of transformer steel, which enabled the 
residual field in the gap to be reduced to a minimum. 
The magnitude of tension of the magnetic field H 
and the magnitude of the induction B correspond- 
ing to it were measured by the ballistic method. 
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FIG. 2 The influence of the volume of pores on 
the magnetic properties of metallo—ceramic 


constant magnets 


(1) The alloy magnico. (2) Alnico (3) Alni (4) 
Cunico (35% Cu, 24% Ni, 41% Co) (5) Cunico 
(48.5% Cu, 23% Ni, 28. 5% Co) 
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The results of the experiment are shown at Fig. 


2. Each point on the curves 1, 2 and 4 represent the 


result of the testing of one specimen, and each 
point on the curves 3 and 5 shows the average of 
the results of the testing of 2 — 4 specimens. 

It is evident that the pores do not exert any 
influence on the magnitude for the coercive force 
of metallo- ceramic magnets. A coercive force of 
the order of several hundreds thousands of 
oersteds is generally thought to be linked with 
the presence in alloys of single domain ferro- 
magnetic particles, nt being considered that even 
a small number of them are capable of bringing 
about the indicated He [4]. 

The non-dependence of the coercive force of 
magnets on changes in the volume of the ferro- 
magnetic and on structural defects, brought about 
by the pores, is in agreement with this assumption, 

The residual induction and maximum magnetic 
energy of magnets are reduced proportionately to 
the increase in the volume of the pores, and more- 
over in the diapazon studied from 3 — 26 per cent 


the pore points lie fairly close to the straight lines. 


By making use of the usual method of mathe- 
matical expression of the results of an experiment, 
it is possible to described the laws linking the 
magnitude of residual induction ( B;, gs) and the 
maximum magnetic energy (W max, erg /cm’) of 
metallo-ceramic constant magnets and the volume 
of pores.(P, per cent) in them, by the following 
equations (taken as a whole): 


B=a—bP 


W max = a — bP 


The first component on the right-hand side of 
these equations enables one to judge the magni- 
tude of the induction or energy of the magnets, 
when they do not contain pores (By and W max). 

It is evident from the graplis in Fig. 2 that the 
reduction of induction and energy under the in- 
fluence of porosity is in all cases considerably 
more, than would follow merely from a reduction 
in the effective volume of the ferromagnetic. This 
confirms the fact of the demagnetizing action of the 
pores. 

The angle of the straight lines B; = / (P) and 
W max = /(P) to the axis of the abscissa is 
greater, the preater is the induction or energy of 
the magnets. As this angle is proportionate to the 
coefficient 6 in the straight line equation, we 
constructed graphs expressing the dependence of 


this coefficient on the magnitudes of the residual 
induction and maximum magnetic energy of the 
alloys, not containing pores (Fig. 3). 
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FIG. 3 The dependence of the coefficient 6 in 
the equations B, = f (P) and Wmax = f (P) on the 
magnitude of the residual induction and maximum 
magnetic energy of magnets made of alloys not 
containing pores: 

(1) for the equation of induction (significance of 
of B shown in the ordinate on the right-hand 
side); 

(2) for the equation of energy (significance of 
b shown on the left) 


On the basis of the following equations may be 
constructed : 


for induction b = B;, /50 — 25 


b = Wmax,/23 — 850 


In connexion with this we obtain the following 
expressions for the dependence of the residual in- 
duction and maximum energy of metallo-ceramic 
magnets on the volume of pores in them: 


Br = Br, — (Br, /50 — 25) P (6) 


W max = W maxo — Wmax,/23 — 850) P_ (7) 


These equations enable the magnitude of the 
residual induction and magnetic energy of porous 
magnetically -constant alloys to be calculated, if 
their corresponding characteristics in a non - 
porous condition are known. The opposite process 
is also possible — that is, the determination of the 
characteristics of non-porous alloys from the 
characteristics of alloys containing pores. The 
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accuracy of the calculations Br and Wmax in the (2) It has been shown that there exists a rec- 
equations (6) and (7) in the present work was in tilinear dependence between the magnitude of the 
75 per cent of cases within the limits of from residual induction and maximum magnetic energy 
0.1 to 3 per cent, in 15 per cent of cases within of metallo—ceramic magnets and the volume of 

the limits of 3 — 6 per cent, and in 10 per cent of pores in them, (in the case of concentrations of 
cases within the limits of 6 — to 10 per cent. pores of up to 25 per cent). It has been confirmed 
that the coercive force of metallo- ceramic magnets 
does not depend on porosity. 

(3) Empirical formulae have been advanced, 
which enable the magnitudes of residual induction 
and maximum magnetic energy of porous magnetical- 
ly -constant alloys to be calculated, if their cor- 
responding characteristics in a non-porous condi- 
tion are known (in the case of alloys with magnetic 
properties of the following order He = 480 — 850 
oersteds, By = 3000 — 12,000 G/W max = 30,000 — 
150,000 erg/cm’, with a porosity of up to 25 per 
cent). 


Taking into account the conditions in which the 
experiments were carried out, the equations obtain- 
ed may expediently be adopted for alloys with magne- 
tic properties of the following order: coercive force 
from 480 to 850 oersteds, residual induction from 
3000 to 12,000 ( and maximum magnetic energy of 
30,000 to 150,000 erg/cm’, with a porosity cf up 
to 25 per cent (the magnetic properties are given 
for alloys in a non-porous condition). Alloys for 
constant magnets with such properties are widely 
used in technology. The porosity of metallo- 
ceramic magnets, produced by industry, generally 
lies within the limits of 3 — 8 per cent. 
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PORE COAGULATION IN POLYGONIZED ROCK SALT * 
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Annealing of rock salt monocrystals at 780°C, after the crystals have been compressed under 
natural conditions or subjected to smal] elastic deformation, leads to the crystals assuming a 
polygon-type structure. The block structure of such specimens is revealed in Réntgen analysis 
by the shape of Laue spots, or optically, by non-uniformity of field penetration by light under con- 
ditions of elastic specimen loading when viewed between crossed Nicol prisms. In crystals with 
microdefect dimensions of 10% cm, during high temperature annealing there appear pores on the 
block boundaries, which are cubic in shape. Owing to crystal transparency, the space picture of 
the blocks, developed after pore coagulation on their surface, can be seen in transmitted light. On 
prolonged annealing, the pores grow to 107° cm in size, and the crystals regain their transparency 
owing to the closing up of small pores. The process of pore closing proceeds especially inten- 
sively on the free crystal surfaces; the pores come up to the surface where owing to surface mig- 
ration, a step-like contour develops in the form of an amphitheatre whose steps coincide with cube 
faces. A comparison with the properties, as reported in technical literature, of polygonized metals 
leads to the conclusion that the metallographic appearance of blocks as dotted outlines results 
from the coagulation of pores and inclusions at the boundaries of these blocks. 


As is known, the polygonization phenomenon 
is characterized in that, during high temperature 
annealing, of blocks are formed in weakly de- 
formed crystals, which in their orientation re- 
semble the original crystal, as distinct from the 
randomly orientated grains obtaining in conse- 
quence of normal recrystallization. Polygoni- 
zation is detectable in Réntgen analysis by the 
characteristic splitting of Laue spots, and in 
metallographic analysis - by the appearance of 
sub-boundaries, in the form of dotted chains, on 
the block junctions after etching [1,2]. The sub- 
boundaries appear sometimes, also, in recrystal- 
lized grains; in this case, the block formation is 
explained by the surface energy of their boun- 
daries being less than that associated with the 
boundaries of normal grains, the orientation of 
which is, as a rule, very different [3]. An ana- 
logous explanation was put forward for the sub- 
boundaries formation with polygonization of 
zinc monocrystals deformed by means of grind- 
ing [4]. 

The structure of rock salt subjected to defor- 
mation and subsequent annealing, has been 
studied by a number of investigators [5,6]. 
Konobeeiskii and Virer [5], detected the 
splitting of spots in Laue photographs of mono- 
crystals rock salt test-specimens subjected to 
tension and subsequent annealing at 780°C. 
This splitting of the spots was ascribed to re- 
crystallization. The known investigations by 
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Blank [7], confirm the fact that high tempera- 
ture annealing leads to distortion in the normal 
structure of rock salt while Kuznetsova [8], and 
others, who detected an increase in the yield 
point of test-specimens annealed at tempera- 
tures higher 650°C, did not ascribe it to the 
effect of admixtures. 

Structures variations connected with high tem- 
perature annealing of compressed rock salt speci- 
mens, were studied by the above authors by X- 
ray methods but only from the strength properties 
point of view. Furthermore, in the case of trans- 
parent ionic crystals, the supplementing of the 
above method by optical ones should, clearly, 
be very effective, as it was found in the 
present series of investigations. 

As test-specimens in the investigations were 
used rectangular parallelepipeds cut along the 
cleavage planes of a lump of natural rock salt 
originating from K. Libknekt’s mine. All test- 
specimens could be divided into two types: 

(1) The optically homogeneous specimens 
which remain transparent after annealing and 
are without volume defects or other mono- 
crystallinity distortions; and 

(2) The optically heterogeneous specimens, 
which show volume defects visible either 
directly by naked eye (especially if the crystal 
is examined on dark background with side illumi- 
nation), or detectable in ultramicroscope [9]. 
Specimens of this kind are not normally used in 
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investigations on rock salt, but, as was found, 
it is their heterogeneity that enables a particu- 
larly forceful explanation of some of the details 
of annealed crystals structure. 

(Annealing of the optically heterogeneous 
rock salt crystals at a temperature exceeding 
650°C makes them intensely opaque. In addition, 
certain individual defects can be resolved micro- 
scopically, and, with sufficiently great magnifi- 
cation, it can be easily proved that it is the 
cubical voids that are distributed in chains in 
the boundaries of macromosaic blocks existing 
in natural crystal. If the annealing temperature 
is increased from 750 to 780°C, in the test 
specimens, which are either compressed under 
natural conditions or subjected to a slight pre- 
liminary elastic deformation, there is also ob- 
served a break-down of the mosaic blocks into 
smaller blocks, i.e. polygonization sets in. If 
the spots obtained in Laue photographs of the 


original test-specimens consist usually of a 
single or two reflexes, depending on the number 
of large blocks which can fall into the X-ray 
beam simultaneously, in the case of Laue 
photograms obtained on test-specimens previously 


annealed at high temperatures, the spots consist 
of a large number of reflections (see, for instance, 
Fig.1 in which are shown magnified Laue spots 
given by a test specimen compressed under 
natural conditions and annealed at the tempera- 
ture of 750°C during a period of 16 hr). In the 
boundaries of the small blocks, which were 
created as a result of polygonization of the opti- 
cally heterogeneous test-specimens, there is also 
observed the formation of pores, similar to those 
which appear in the macromosaic block boun- 
daries. 

The presence of block structure and their 
number and dimensions, were determined ront- 
genographically from the Laue spot splitting, 
and optically — in the penetrating polarized 
light. For the detection of blocks by optical 
method the test-specimens were compressed 
elastically in a special press (Fig.2), which 
was fixed on the stand of a polarizing micro- 
scope. In the absence of block structure, the 
illumination of the crossed Nicols field is uni- 
form; when the block structure is present, the 
illumination is non-uniform due to the spots, 
appearance in different colours after super- 
position of a quarter wavelength gypsum plate. 


By increasing the degree of specimen loading 
up to the yield point, it is possible to determine 
that the first slip planes appear inside the in- 
dividual blocks and it is only when the load is 
further increased that they pass through the 
whole of the specimen. Using the above method, 
the block structure could be determined, after 
compression to 100 g/mm? and subsequent 
annealing at 780°C, also for the optically homo- 
geneous rock salt specimens in which the block 
boundaries remain invisible because of absence 
of the requisite number of defects. 


FIG.1. Laue spots in specimens of natural rock 

salt with internal stresses after annealing at 750°C 

for 16 hr. The splitting of Laue spots is clearly 
visible. 





FIG.2. Press for compressing test-specimens. 
(1) loading knob, (2) spring dynamometer, (3) 
load registration indicator, (4) indicator for 
registering deformation, (5) test-specimen. 


The size of the pores forming in the boundaries in 
the heterogeneous crystal, increases with increasing 
duration and temperature of annealing. After anneal- 
ing such a crystal at a temperature of 780°C for 
10 min, scattered individual clusters of ex- 
tremely sinall squares are detectable micro- 
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scopically, with dimensions of about 1p. On in- 
creasing the annealing period to ] hr, the size 

of the little squares increases to 3—5 yp and the 
block surface becomes covered with a dense net- 
work (Fig.3). If such a crystal is broken and then 
examined in reflected light under a metallographic 
microscope the pores in the fractured surface are 
seen as points which do not reflect light and 
have the appearance of clusters of black squares 
(Fig.3a). Each of these points represents an 
intersection of the surface of fracture with that 
of the block, which recedes towards the interior 
of the crystal. The pores are visible if the micro 
scope is focussed not on the surface of fracture 
put on the deeper lying crystal layers. “hen the 
block surface recedes into the crystal at a small 
angle to the fracture plane, it is possible to ob- 
serve, simultaneously, the pores lying both in 

the fracture plane and in the surface of blocks 
inside the crystal (Fig.3b). In some blocks, a 
part of their surface is found to be parallel to 

the fracture plane, that is it is perpendicular to 
the beam of light falling on the crystal. Because 
light is subject to interference from parallel 
pore-facets, this portion of the surface is seen 

in the microscope as a field strewn with little 
squares stained with different interference colours. 
By varying the microscope focus, it is possible 
to follow the whole of the block surface inside 
the crystal, within the distance of the two of its 
entries into the fracture plane. In some cases, 
when the fracture occurred near the block sur- 
face, it is possible to see simultaneously the 
whole of the surface section between its entries 
on the fracture surface, (Fig.3c). The dispersion 
of light oy pores situated in the block surfaces 
creates a shadow picture with the distinctly 
visiple block boundaries when the crystals are 
viewed under a microscope in transmitted light 
(Fig.4). 

Under the conditions of a prolonged period of 
maintenance at high temperatures there is ob- 
served a further pore coagulation. ‘Thus, after 
100 hr annealing period at a temperature of 780°C, 
large cubic pores are formed with linear dimen- 
sions up to 0.03 mm (Fig.5). Very often, such 
pores join together into strips having a characte- 
ristic saw-shaped form. 

In this way, as a result of diffusion in block 
boundaries, large pores are formed at high tem- 
peratures from the submicroscopic defects scatter- 


FIG.3. (a) Clusters of pores on the fractured 
surface after the specimen has been annealed 
at a temperature of 750°C for 1 hr. The pores 
are distributed in the boundaries of 3 blocks 
( x 400). 

(b) Surface of blocks intersecting the 
plane of fracture at a small angle. White 
squares —pores situated on the block surface 
inside the crystal. On the fracture surface 
there is visible one block boundary ( x 400). 

(c) Surface of fracture with two boun- 


daries ( x 400). 


at 
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FIG.4. Polygonized crystal viewed in trans- 
mitted light ( x 270). 


FIG.5. Large pores formed as a result of 
coagulation; annealing at 780°C for 100 hr 
( x 270). 


ed throughout the crystal, which here form cor- 
responding to the symmetry of the crystalline 
lattice specimen and are similar to negative 
crystals observed in the case of Kirkendall 
phenomenon [10]. The localization of the nega- 
tive crystals in the block boundaries results in 

a reduction of the free crystal energy, which 
obviously, also represents the cause of this 
phenomenon. As the pore emerges on the speci- 
men free surface, the surface energy gain becomes 
much greater and, therefore, near the surface the 
pores coagulate not on internal inter-block boun- 
daries but come up to free crystal surface. This 
perhaps, is also the reason why the zone adjacent 
to the free crystal surface remains transparent 
after a high temperature annealing. If, after 
annealing which renders opaque the internal 
crystal volume, the crystal is fractured along 

a cleavage plane in such a way that the surface 


of fracture is made to pass through the opaque 
region, a subsequent annealing will-again create 
a transparent zone near the surface fracture. The 
pores from this zone come up to the specimen 
surface where, owing to surface migration, a 
characteristic step-like contour is created in the 
form of an amphitheatre whose steps coincide 
with the cube faces. Depending on the distance 
from these pores, some sections of the steps 
develop in such a way that they coincide with 
the rhombic dodecahedron faces, and the whole 
contour assumes a shape approximating to a 
circle, which corresponds to equalization of 
diffusion paths from the periphery to the pore 
centre (Fig.6). 


grain of dedovubudean 


grain of cube 


FIG.6. Step-like contour at points of pore 
emergence on the free surface, after high 
temperature annealing. With arrows are 
shown the faces of cubic and rhombic dode- 
cahedron of rock salt lattice ( x 270). 


Some of the authors [11,12] who detected 
surface relief in rock salt and other types of 
crystals after they were subjected to a high 
temper ature annealing treatment, explained it 
as a result of evacuations from the dislocation 
points to the free surface. A comparison of the 
nature of relief observed in the works referred 
to above with that showg in Fig.6 points to 
essential differences. The surface relief as des- 
cribed in works[11,12] (which in some cases was 
also observed by us on pore-free faces), is inde- 
pendent of crystal symmetry — it is in the form 
of irregular, curvilinear, and sometimes, spiral- 
stepped blocks, whereas in the case of annealing 
of crystal with cubic pores, the block steps co- 
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incide with the crystallographic planes of the 
cubic rock salt crystalline lattice. A prolonged 
annealing treatment of specimens leads to a 
widening of the transparent zone in the surface 
crystal, which is then followed by re-establish- 
ment of transparency in the whole of the crystal. 
This phenomenon of crystal transparency is con- 
nected with coagulation and emergence of pores 
in the specimen surface, and also with the pro- 
cess of block enlargement which resembles col- 
lective crystallization. Such processes can be 
speeded up considerably by creating a prelimi- 
nary state of compression in the test-specimens. 
An annealing treatment at 780°C during a period 
of 3 hr leads to a considerable reduction in the 
specimen porosity, if it was subjected to a pre- 
liminary compression ander a pressure of 800 
g/mm? 

Ultramicroscopic photographs of such a speci- 
men are shown in Fig.7 (a,b). 


FIG.7. Ultramicroscopic pictures of block surface 
in rock salt test specimens; 

(a) test specimen compressed under p = 
800 g/mm?; 

(b) the same specimen after annealing 
during | hr at a temperature of 780°C ( x 15). 


CONCLUSIONS 


(1) By making use of rock salt specimen trans- 
parency, it was possible to follow optically the 
process of pore coagulation in the surface of 
macromosaic blocks and in blocks formed in the 
process of polygonization. 

(2) It was shown that the dotted block poun- 
daries, which are forming during polygonization 
of pure mono-phase substances, consist of chains 
of coagulated pores. 

(3) The existence of a stepped relief was found 
in crystal surface near the pores, the relief having 
a form corresponding to the orientation of the 
cubic and rhombic dodecahedron faces in the 
crystal salt lattice. 

(4) A comparison of the results obtained in 
this series of investigations with those found in 
the known studies of polygonization in metals, 
leads to the conclusion that the blocks can be 
detected metallographically but, clearly, only in 
such cases, when the metal contains pores, im- 
purities or other easily diffusible components, 
whereas, as test results from investigations 
on homogeneous rock salt crystals have shown, 
in the case of rock salt block formation is not 
possible which is not detectable metallographi- 
cally. 

The authors acknowledge with thanks the 
valuable assistance, rendered during the pre- 


sent investigations, by B.G. Lazarev. 
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A STUDY OF THE DIFFUSION OF CARBON IN NICKEL AND ITS 
ALLOYS BY MEANS OF THE RADIOACTIVE ISOTOPE C*** 
P.L. GRUZIN Iu.A. POLIKARPOV and G.B. FEDOROV 
Institute of Metallography and Physics of Metals, Moscow Institute of Engineering Physics 
(Received 11 May 1956) 


The use of radioactive isotopes can supply valuable information on the diffusion of atoms in solids. 
There is, therefore, considerable interest in the use of the radioactive isotope C™ in determining the 
diffusion characteristics of carbon in iron, nickel, steel and other metals. 

In the present work the results are given of an investigation into the diffusion of carbon in nickel 
and some nickel-base alloys. There is also a brief exposition of the method of determining the dif- 


fusion constant of carbon. 


The study of the movement of atoms in metals 

and alloys in the solid state holds a very sig- 
nificant place in the further development of the 
physics of metals and present-day physical 
metallurgy. The heat treatment of steels is 
conditioned by diffusion processes. Wide use 

is made in industry of such processes as car- 
burizing and nitriding of steels, and the processes 
of saturating the surface with aluminium, chromium 
silicon and other elements. Diffusion plays a big 
part in the homogenization and precipitation harden- 
ing of alloys. It is extremely necessary to deter- 
mine the diffusion constant of carbon and alloying 
elements of steel. 

A large number of different individual methods 
of determining diffusion constants have been des- 
cribed by other writers. A substantial part of 
these consist 2d in developing methods based on 
the use of natural and, particularly, artificial 
radioactive isotopes. This permitted diffusion to 
be studied at a low concentration of the diffusing 
element and made it possible to use in calcula- 
tions formulae which do not take into account the 
influence of the concentration of the diffusing 
element on the diffusion coefficient D. 

As is known [1], the solution of the diffusion 
equation for a variable source of diffusion in 
flat test-pieces takes the form of 


e(x,t)=[coh/VaDtlexp( —x?/4Dt), (1) 


where c (x,t) is the concentration of the diffusing 
element at a depth x after diffusion annealing for 
atime t, co is the initial concentration before 
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annealing in a thin surface layer of thickness h; 
Co = constant when 0< x <h. 


When using radioactive isotopes one may re- 
place c (x,t) in (1) by the specific radioactivity 
i (x,t) proportional to it. Thus we can write 


i (x,t) =[ioh/y (7 Dt) | exp (—x?/4Dt) (2) 


In order to determine i (x,t) it is convenient 
to remove thin layers and measure the integral 


radioactivity of the remaining part of the test- 
piece / (x,t), Here x, is the total thickness of 
the layers removed [2]. The integral radio- 
activity / is variously expressed by the specific 
radioactivity i depending on the character of the 
radiation of the radioactive isotope used [2,3]. 
For y -radiating isotopes it is 


i(x,t)~ O1(x,t)/Ox, (3) 


and for medium energy (0.2-0.4 MeV) § -radiating 
isotopes 


i(x,t)~ 01 (x,t)/dx + wl (x,t), (4) 


where Lg is the coefficient of adsorption of B 
radiation in the material of the test-piece. 

In the present work is described a method of 
investigating the diffusion of carbon by using the 
radioactive isotope C% which radiates soft 6 - 
particles (Emax = 0.155 MeV). The maximum 
depth of penetration of the B - particles of the 
radioactive isotope C™ in nickel is approximately 
23  —ten times less than the depth of penetra- 
tion of carbon in the test-pieces submitted to 
diffusion annealing. One can therefore write 
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i (x,t) oa k 1 (x,t), (5) 


where k is the coefficient of proportionality. 
Replacing the specific radioactivity i (x,¢) in 
the appropriate equation by its value we obtain 


InJ= —x2/4Dt + const (6) 

By using equation (6) it is possible to deter- 
mine graphically the diffusion coefficient. 

Equation (6) is correct for an initial distribu- 
tion of radioactivity of constant depth in the 
source of diffusion. In our case this condition 
was not fulfilled due to effects connected with 
the application of the radioactive carbon to the 
test-piece. The method of electrodeposition 
used with most metals could not be employed 
here. Attempts to apply the radioactive carbon 
by rubbing non-radioactive test-pieces with 
radioactive ones, and also by compressing thin 
steel foil, carburizingto ahigh degree of radio- 
activity, between two test-pieces gave no positive 
result. In both cases the integral radioactivity 
of the test-pieces was low even before removing 
any layers. We therefore applied the radioactive 
carbon by carbonizing of the test-pieces for a 
short time. 

The carbonizing mixture consisted of BaCO, 
and charcoal carefully ground and mixed. The 
radioactive isotope C™ was contained in the 
barium carbonate, present in a quantity of 5 to 
10 per cent by volume. The mixture was constant 
for each set of test-pieces. The carbonizing 
mixture was spread in an even layer on the surface 
of the test-pieces, wetted with a liquid solution 
of Plexiglass in acetone and dried. Then the 
test-piece was put into a quartz tube, from which 
the air was extracted until a pressure of 107° mm 
of mercury was obtained. 

When the temperature of the furnace had attained 
the set value the test-piece was put into the heat- 
ing zone and the carbonizing time was observed. 
The expected reactions on the surface of the test- 
piece took place and as a result, the surface car- 
bon diffused into the metal. The temperature and 
carbonizing time were determined experimentally 
with a view to obtaining a sufficiently high degree 
of radioactivity on the surface of the test-pieces, 
and a depth of penetration of the radioactive car- 
bon suitable for our work. The carbonizing tem- 
perature varied between 1000 and 1100°, and the 
carbonizing time between ] min 30 sec and 2 min 


15 sec. Carbonizing was stopped by cooling the 
test-pieces quickly. 
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FIG.1. Distribution of’ carbon in the diffusion 

layer after carbonizing of the test-pieces Alloy 

Ni—Mo (2.94 per cent). Carbonizing at 1030° for 
] min 45 sec. 

The distribution of the concentration of carbon 
in the thin surface layer of the test-piece after 
carbonizing (‘initial distribution’) may be des- 
cribed by the equation: 

c = Aexp (—ax?) 

l=], exp (—ax’), 
where a is the tangent of the slope angle of the 
straight line drawn on the co-ordinates In / and 
X?, Fig.] gives the graphs / = f(x) and log / = f 
(x?) for the carbonized layer in the Ni-Mo alloy. 
Carbonizing was carried out at a temperature of 
1030° for 1 min 45 sec. The graph of the function 
I (x) is constructed through the experimental 
points after removing the layers and measuring 
the radioactivity of the test-pieces on a face- 
contact counter with a mica pane 2-3 cm7? 
thick. The data for plotting the function log / 
from X? were taken directly from the first graph. 
X = 19.3 x 10* cm~? for the test-piece under dis- 
cussion. Autoradiography was used to check the 
evenness of the surface layer of carbonizing mix- 
ture containing radioactive carbon on the test- 
piece. It was shown that the radioactive carbon 
covered the carbonized surface sufficiently 
evenly. 

The coefficient a was determined for two or 
three test-pieces out of each set of about 20 pro- 
duced under identical conditions of carbonizing. 
Its mean value was then used in calculations for 
the remaining test-pieces of that set. 
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Due to the fact that the initial distribution of 
carbon is described by equation (7) in our experi- 
ments, equation (1) cannot be used. We therefore 
took the more general solution of the diffusion 
differential equation [1]. 


c(x,t)= 
[1/V(wDe)] ff (€) exp [—(x-£2) /4 Dt] dé, (8) 


where f(<) is defined by equation (7), i,e. f(€) = 
Aexp(-ax’), Integrating equation (8) we obtain 


c(x,t)= 


A exp [—ax?/(1+4aDt)/V(1+4e Dy.) 


Since i (x,t) ~ c (x,t), then 
i(x,t)‘~ 


(10) 
A exp[—ax?/(1+4aDt) /V(1+4aD0). 


Taking equation (5) into consideration we obtain 
I (x,t) = B exp [x?. —a/(1+ aDt) ), (1) 

Where B = constant. Taking logarithms (11) gives 
In / (x,t)=—Bx? + In B, (12) 

Where B=a/(1+4a/t) is the tangent of the 
slope angle of the straight line drawn on the co- 


ordinates In / - x7. From this we may determine 
the diffusion coefficient 


D=[(a/B)-1]/4at. (13) 


B and ¢ are determined after diffusion annealing 
of the test-pieces. 

The diffusion annealing was carried out in 
tub furnaces or in molten salts. The minimum 
duration of the annealing was 3 min, the maximum 
about 100 hr. The annealing time was chosen so 
that the ratio a /B in equation (13) was of the 
order of 20. The temperature was controlled by a 
controller of +3° limits of error. The true anneal- 
ing temperature was determined by a check 
platinum - platino - rhodium thermocouple, using 
a PP-] potentiometer. In order to prevent the 
carbon burning out, the test-pieces, laid in pairs 
with their active sides facing each other, were 
annealed in quartz containers (or quartz tubes) 
evacuated to a pressure of 10-' mm of mercury and 
filled with argon at a low pressure. A chip of 
titanium or copper was used as getter. When the 
annealing was of short duration the test-pieces 
were annealed separately in order to decrease the 
error in annealing time and temperature measure- 
ments. 

Test-pieces 20 x 20 x 26 mm in size were made 
from each alloy investigated. They were then 
subjected to homogenization annealing in a vacuum 
at a temperature of 1200° for 4 hr. After cementa- 
tion and diffusion annealing parallel layers were 


TABLE 1. Record of layer-by-layer analysis of Ni—Mo (3 per cent) 
alloy annealed at 800° for 2 hr. 





I, Xn» Xn 
(cm x 103) 


(pulses/min) 


from graph 
(cm x 103) 


x gr be, 
(cm? x 10°) from graph 


(pulses/min) 





665 
649 
630 
628 
560 
490 
403 
319 
144 
111 

57 

20 








625 
643 
623 
576 
489 
375 
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rubbed off the test-pieces on a polishing wheel. 1 is plotted against x and log/ against x? in Fig. 2. 
After the removal of each layer the integral From these it was found that 8 = 1.6 x 10° cm=? 
radioactivity of the remainder of the test-piece and J) = 2.14 x 10 cm? sec”. In Fig.3 is given 
was measured with a face contact counter. From the graph of / against x after carbonizing (curve 1) 
the results obtained the integral radioactivity / and after diffusion annealing (curve 2). From the 
was plotted on a graph against the thickness X of [ 
the layers removed. The value of 8 was found in 15000 
the same way asa. The diffusion coefficient D 
is defined by equation (13). As an illustration 
we give the record of the layer-by-layer analysis 
of the nickel- molybdenum alloy test-piece 
annealed at 800° for 2 hr (Table 1). 

x? x 10° cm? 


2000 
x104 cri? 
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FIG.3. Distribution of carbon in the diffusion 
layer. (1) after carbonizing at 1030 for 1 min 
we ot aR aes 45 sec;(2) after diffusion annealing at 300° for 
“0 20 30 40 2 hr. 2 hr. Alloy Ni—Mo (2.94 per cent). 
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graph it is evident that the redistribution of the 
carbon as a result of annealing was considerable 
(a/B = 120). Therefore in this case one can 
for 2 hr. ignore unity in the numerator in formula (13) and 


FIG.2. Distribution of carbon in the diffusion 
layer after annealing the test-piece. Alloy 
Ni—Mo (2.94 per cent). Annealing at 800° 


TABLE 2. Composition of Alloys 





Results of chemical analysis, % 





Cr S P Co Mo 








Ni—Co (1%) 





3 
Ni—Cr (5%) 





4 
Ni—Co (5%) 





5 
Ni—Mo (3%) 
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make the calculation from the formula 


D=1/ 4B t. (14) 

From formula (14) it is obvious that when there 
is a significant redistribution of the concentration 
of carbon there is no longer any need for prelimi- 
nary determination of a which considerably sim- 
plifies the experiment. 

In our work all calculations of )) were made 
from formula (13). The precision in determining 
the diffusion coefficients was about 10 per cent. 


RESULTS 


One of the objectives of this work was to work 
out a method for studying the diffusion of.carbon 
in metals. In addition there was also the task of 
investigating the influence of various additions 
on the diffusion constants. Nickel, which has an 
f.c.c. lattice, analogous to y -iron, was taken as 
the basic metal. Unlike iron nickel retains this 
lattice from room temperature to melting point. 
The alloying elements were chromium, cobalt and 
molybdenum (see Table 2). Whilst working out 
the method measures were taken to prevent other 
factors influencing the diffusion process. when 
studying the diffusion of carbon in nickel and its 
alloys the results of the experiment are not dis- 


torted by the phase transfer a — y typical for iron. 


The percentage of alloying elements in the 
nickel was low and thus did not lead to the forma- 
tion of two-phase systems. In all the experiments 
we dealt with nickel-base solid solutions. Car- 
bonizing of the test-pieces was carried out for a 
short time in order not to have any noticeable in- 
crease in the concentration of the carbon in the 
surface layer. This permitted us to neglect the 
dependence of )) on the concentration. 

In order to stabilize their structure all the test- 
pieces after machining were submitted to homo- 
genization annealing. When the microstructure 
of the test-pieces was examined it was discovered 
that there was practically no change in grain size 
upon carbonizing and annealing. Autoradio- 
graphic investigation of the surface of the car- 
burized test-pieces confirmed that the radioactive 
carbon was distributed evenly over the whole sur- 
face. Consequently diffusion took place in one 
direction, and it was therefore possible to use 
the solution of the diffusion equation for the 
single co-ordinate x. 

The influence of various alloying elements on 
the diffusion of carbon in nickel was determined. 


The temperature functions of the diffusion co- 
efficients of carbon in all the alloys investigated 
are shown in F'ig.4. The values for the diffusion 
constants are given in Table 3. A collated graph 
of the temperature function of the diffusion co- 
efficients for all the alloys is shown in F'ig.5. 
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FIG.4. Temperature functions of D for alloys: 
l-nickel; 2-nickel—chrome (1 per cent); 3- 
nickel—chrome (5 per cent);, 4-nickel—cobalt 
(5 per cent); 5-nickel—molybodenum (3 per cent). 
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FIG.5. Collated graph of the temperature functions 

of D for the alloys: l-nickel; 2-nickel—chrome (1 

per cent): 3-nickel—chrome (5 per cent); 4-nickel— 

cobalt (5 per cent); 5-nickel—molybodenum (3 per 
cent). 


As can be seen from Table 3, the. activation 
energy ( and the pre-exponential factor /y of dif- 
fusion of carbon in nickel is very small. Con- 
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sequently the alloying of nickel with chromium, 
cobalt and molybdenum in the quantities indi- 
cated slightly increases (, strengthening the 
bond between the carbon atoms in the crystal 
lattice of the nickel. From Fig.5 it can be seen 
that, when nickel is alloyed with chromium and 
cobalt, the diffusion coefficients at temperatures 
below 900° decrease, and at higher temperatures 
increase. An increase in the quantity of chromium 
from 1 to 5 per cent consequently increases the 
two constants Q and DP), slowing down the rate 
of diffusion of the carbon in the nickel at tem- 
peratures lower than 900°. In this case the 
activation energy increases slightly (from 33 
kceal/g atom for pure nickel to 34 keal/g atom 
with an addition of 1 per cent chromium, and to 
37 kceal/g atom with an addition of 5 per cent 
chromium). From Table 3 it can be seen that 
additions of about 5 per cent chromium and 
cobalt to the nickel act on the diffusion con- 
stants in the same way. This can also be seen 
from Fig.5 where the straight lines 3 and 4 re- 
presenting the temperature function for these 
alloys run parallel. 

Comparisons of the results we obtained for 
the diffusion of carbon in the f.c.c. lattice of 
nickel with the data of I.E. Blanter for the 
diffusion of carbon in the lattice of y -iron 
shown that additions of chromium and moly- 
bdenum increase the activation energy of the 


view. Firstly, with such data we can explain 
the details of the processes of smelting and 
refining this metal, thus guaranteeing the neces- 
sary purity and qualities. Secondly, data on 

the distribution of carbon in nickel make it 
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FIG.6. Magnitude levels of diffusion constant of 
carbon and metals in iron and nickel: A -diffusion 
of carbon in y-iron; B -diffusion of carbon in a - 
iron; C-diffusion of metals in y-iron; D -diffusion 
of metals in q - iron. 


possible to indicate clearly the characteristic 
feature of the behaviour of carbon in iron and 
steels, 

It is noticeable that nickel and y -iron scarce- 
ly differ in the rate of diffusion penetration of 


TABLE 3. Diffusion parameter carbon in nickel and its alloys 





Composition of 
alloy 


Q 


(kcal/g atom) 





Nickel 

Nickel—chrome (1%) 
Nickel—chrome (5%) 
Nickel—cobalt (5%) 





33 
34 
37 
37 


Nickel— molybdenum (3%) . 38 











diffusion of carbon in both y -iron and in nickel. 
The addition of cobalt increases ( for nickel 
slightly decreases it for y -iron. 


CONCLUSIONS 


The study of the diffusion and distribution 
of carbon, sulphur and other elements in nickel 
and its alloys is desirable from two points of 


carbon. The parameters of the diffusion of car- 
bon for these metals are approximately the same. 
At the same time the diffusion of carbon in 
nickel takes place much more quickly than the 
diffusion of metals. Thus carbon differs very 
strongly from the metals in the magnitude of 
diffusion mobility as can be seen from Fig.6, 
which presents the temperature functions of the 
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diffusion coefficients of carbon and some 
metals in iron and nickel. These data show that 
in all cases diffusion coefficients of carbon are 
10° — 10* times greater than the diffusion co- 
efficients of the metals. 

The principal significance of this property, from 
our point of view, is that it makes it possible 

to define the role of the diffusion of carbon in 
various processes taking place in alloys at high 
temperatures. In particular one may suppose 
that the process of solution of carbon in steels 
is conditioned by the details of its diffusion 
and by the character of the distribution of the 
slowly diffusing elements. 

Also interesting are the results of the 
research into the influence of alloying on the 
diffusion of carbon in nickel. They definitely 
show that the magnitude of the rates of mobility 
of carbon when alloying nickel practically does 
not change. This agrees with the idea that dis- 
tortions of the crystal lattice of a metal should 
not signicicantly affect rates of diffusion of 


carbon in connexion with the details of its dis- 
tribution in the lattice. 

The results of the present work point to the 
great expediency of using radioactive isotopes 
of carbon, sulphur, phosphorous and other ele- 
ments to investigate diffusion combined with 
autoradiography of the diffusion layer. 


Translated by H.S.H. Massey 
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INTERNAL FRICTION IN DEFORMED ALLOYS OF ALUMINIUM 
WITH MAGNESIUM * 
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Institute of Metal Physics Urals section, Academy of Sciences U.S.S.R. 


(Received 9 June 1956) 


An investigation is made of the temperature dependence of internal friction in deformed alloys 
of aluminium with magnesium. A new internal friction maximum, conditioned by magnesium dif- 
fusion, was observed. It is shown that this maximum is shifting towards the region of high 
temperatures with increasing magnesium concentration in solid solution. Displacement of the 
internal friction maximum is explained by the basic diffusion process becoming more complex 
as a result of non-uniform magnesium distribution in the deformed solid solution. 


In the classical theory of elasticity an assumption 
is made that the stressed condition of a solid body 
is defined unequivocally by its deformation, and that 
in the case of an isotropic and liomogeneous body, 
tle relationship between stress and deformation is 
determinable by ilooke’s Law. Consequently, from 
the viewpoint of the classical theory, the elastic 
deformation represents a reversible process. 

lowever, this condition is satisfied only when 
the deformation is infinitely slow. If, on the other 
hand, the deformation is made to proceed at a finite 
speed, the state of tle body, will, at any instant of 
time, deviate from the thermodynamic equilibrium. 
Such: deviation manifests itself in that the deforma- 
tion does not follow variations in the stresses and, 
as a result, relaxation phenomena appear during 
translation of the system from the metastable into 
an equilibrium state. In this case, the process of 
elastic deformation becomes irreversible in nature 
and is accompanied by dissipation of energy. 

The deviation from Hooke’s Law, as observed in 
the behaviour of a solid body under elastic deforma- 
tion, is referred to as anelasticity. Since, the pheno- 
menon of anelasticity is connected with the relaxa- 
tion of the system from the metastable into a stable 
state, the property of anelasticity is often called 
the “relaxation property”. 

\ basic role in the anelasticity phenomenon is 
played by all kinds of processes of atomic and ionic 
motion, as well as by imperfectness in the crystal- 
line lattice structure. [$y observing the laws govern- 


ing anelasticity phenomena under various internal 


conditions of structure and composition in a solid 
body, a study can be made of the processes occur- 
ring in it. 

\ large number of methods is available for study- 


* Fiz. metal. metalloved. 4, No. 1, 103—111 (1957). 
[Reprint Order No. POM 16.] 


ing anelasticity, but the most frejuently used is the 
one in which the test-specimen is subjected to 
elastic oscillation. The dissipation of elastic 
energy in consequence of the occurence of relaxa- 
tion processes during an elastic oscillation of the 
test-specimen, las been given the name of internal 
friction. 

To tle first experimental investigations of internal 
friction belong the well-known studies of Weinberg 
and Kuznetsov [1!. A classical investigation of the 
elastic after-effect in quartz crystals was carried 
out by loffe [2]. At the present time, the internal 
friction experimental procedures have found wide 
application in the study of diffusion processes in 
solid bodies subjected to the action of stresses, 
and also in investization of the structure of metals 
and alloys both in the annealed and deformed condi- 
tions [3]. 

A systematic investigation of the anelasticity 
phenomena in deformed metals and alloys has been 
started only comparatively recently [4 — 8}. In 
plastically deformed metals, there is found an inter- 
nal friction maximum in the region of recrystalliza- 
tion temperatures, the maximum being brought about 
by the crystalline lattice defects which are created 
by plastic deformation. From the dislocation view- 
point, this maximum is sometimes associated with 
migration of dislocation under tlie action of stresses 
[7 — 8). 

The internal friction maximum connected with 
carbon diffusion in the a —iron lattice under the 
action of stresses is found at the temperature of 
40°C, and it was observed to shift. in a plastically 
deformed iron, into the temperature region of 200°. 
Simultaneously with the above shift in the internal 
friction maximum, a strong increase was also noted 


in the carbon diffusion activation energy in the de- 
formed iron crystalline lattice. If the activation 
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energy for carbon diffusion in annealed iron, as 
determined in tests on internal friction, is of the 
order of 18,000 — 20,000 cal /mole, then in the 
deformed iron its value rises to 36,000 cal /mole[6]. 

On the basis of the relationships found by Késter 
and Bangert the appearance of the internal friction 
maximum at 200° is explainable in terms of carbon 
atoms diffusing around the dislocations. 

The present investigation was undertaken with 
the object of making a detailed study of magnesium 
atoms diffusing in deformed alloys of aluminium 
with magnesium. Such alloys are suitable for this 
kind of investigations since in them the interatomic 
attraction forces do not vary with increasing 
magnesium contents Instead, considerable deforma- 
tions of the crystalline lattice are caused by magne- 


sium atoms [9 — 10]. 


EXPERIMENTAL TECHNIQUE FOR THE 
MEASUREMENT OF INTERNAL FRICTION 

The test-alloys were made of aluminium grade 
4V000 and electrolytic magnesium. The aluminium 
contained the following main impurities : 0.0017 per 
cent of iron, 0.0014 per cent of silicon, 0.0011 per 
cent of copper and about 0.01 per cent of manga- 
nese. Some of the tests were done on a more pure 
aluminium containing less than 0.01 per cent man- 
ganese. 

The measurement of internal friction was by 
means of the torsion pendulum method with oscil- 
lation frequency of the order of 1 iz [11!. The 
furnace temperature and the temperature gradient 
along the specimen length were controlled with an 
accuracy of 1°. 

Test specimens were in the form of wire with a 
diameter of 0.9 mm and length of 300 mm. the de- 
formation of specimens being obtained by elongation 
to 90 per cent of the original wire cross - section 
area. 

Internal friction measurments were done at a 
slow rate of furnace heating, which was approxi- 
mately 50° /lir. For each test the temperature re- 
quired was established, the measurement was then 
made, and then the heating was continued at the 
previous heating rate. As values of internal friction 
were taken the values of logarithmic decrements 
divided byz. 

Parallel with the specimen on which test 
measurements were made of internal friction, 
several pieces of an identical wire were also put 
in the furnace to act as control specimens, these 
were removed from the furnace at various high tem- 


peratures. The control specimens were examined 

for structural changes occurring in the wire during 
its heating. In this way it was possible to determine 
the recrystallization temperature for its alloy. 


TEMPERATURE DEPENDENCE OF INTERNAL 
STRESSES 


In Figs. 1 — 5 are shown curves of internal fric- 
tion as functions of temperature for deformed test- 
specimens of pure aluminium and for alloys of 


aluminium with magnesium. 
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FIG. 1. Temperature dependence of internal 
friction in deformed pure aluminium 
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FIG. 2. Temperature dependence of internal 


friction in deformed aluminium alloy of alumi- 
nium with 0.01 per cent of magnesium 


In the case of pure aluminium containing less 

than 0.01 per cent of maganese, a maximum B in 

the internal friction B was observed at about 240°, 
this maximum being connected with the crystalline, 
lattice defects resulting from plastic deformation 
(Fig. 1). This maximum in internal friction is observ- 
ed to lie in the same temperature region for all al- 
loys. Furthermore, a second internal friction maxi- 
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FIG. 3. Temperature dependence of internal 
friction in deformed alloy of aluminium with 
0.05 per cent of magnesium 


mum A is observed in the case of alloys of alumi- 
nium with magnesium, the position of which shifts 
steadily into the region of higher temperatures as 


the magnesium content in the solid solution in- 
creases. 
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FIG. 4. Temperature dependence of internal 


friction in deformed alloy of aluminium with 
0.1 per cent of magnesium 


In Fig. 6 is shown a curve representing the shift 
in the position of internal friction maximum A witl: 
increasing magnesium concentration in the solid 
solution. As it can be seen from the curve, this 
internal friction maximum shifts rapidly into the 
high — temperature region at low magnesium con- 
centrations and much slower at higher concentra-. 
tions. It appears that a kind of saturation is reach- 
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FIG. 5. Temperature dependence of internal 
friction in deformed alloy of aluminium with 
1.0 per cent of magnesium 


ed at magnesium concentrations higher than 0.1 — 
0.5 per cent. 

This maximum diminishes rapidly during re laxa- 
tion and disappears during recrystallization. 

The relationships given above prove that the in- 
ternal friction maximum A is connected with dif- 
fusion of magnesium in deformed alloys. 

















Temperature °C 























Bi 


1.00 





O2>. 0350 045 


Mg weight, % 


Le 


FIG. 6. Dependence of internal friction maximum 


position, the maximum being associated with 


magnesium diffusion in deformed alloys of alumi- 
nium with magnesium, on magnesium concentration 


In the case of pure aluminium, the internal 
friction maximum lies above the recrystallization 
temperature. Up to the moment when the internal 
friction maximum is reached a partial collective 
recrystallization occurs with the result that the 
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grain size is quite considerably increased. These 
observations agree well with the results of other 
investigations [7]. Depending on the rate of in- 
crease in solid solution magnesium concentration 
the recrystallization temperature increases rapidly 
at first and then at a considerably lower rate. The 
dependence of recrystallization temperature on 
magnesium concentration is shown in Fig. 7. An 
increase in the temperature of recrystallization at 
low magnesium concentrations in aluminium — 
magnesium alloys was also observed on many other 


occasions [12 — 13]. 
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FIG. 7. 


Dependence of recrystallization tempera- 
ture on magnesium concentration 


\s the recrystallization temperature increases, a 
progressively less perfect structure of the alloys is 
observed until the moment when the maximum B in 
the internal friction is reached. At magnesium 
contents greater than 0.05 per cent, the recrystal- 
lization temperature lies above the temperature at 
hi internal! friction maximum occurs. Con- 


which the 
sequently, in pure aluminium the internal friction 
maximum 6 corresponds to the state of recrystal- 
lization, whereas in alloys containing more than 
0.05 per cent of magnesium, this maximum cor- 
responds to the deformed state. 
With increasing magnesium content, no change is 
found in the position of maximum B on the tempera- 
> scale, but its width diminishes. 
nal friction maximum C is connected 
in of stresses in grain boundaries in 
test - specimens. 

; shown the curve of the dependence of 
iagnesium diffusion activation energy in deformed 
alloy on magnesium concentration in the solid solu- 

tion. It is clear from the graph that the activation 


enesgy increases with increasing maghesium content, 
and it is interesting to note, in this connexion, that 
the pattern of this variation is completely analo- 
gous to that found for changes in the internal 
friction maximum A as a function of magnesium con- 
centration (Fig. 6). 

One should note that the case of internal fric- 
tion maximum A here investigated, which corres- 
ponds to magnesium diffusion, lies on the back- 
ground on internal friction B. The above depend- 
ence of internal friction on temperature enables 
only a qualitative evaluation to be made of the 
activation energy. 
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FIG. 8. Curve showing the dependence of magne- 
sium diffusion activation energy in deformed al- 
loys of aluminium with magnesium in function of 
of magnesium concentration in the solid solution 


EVALUATION OF TEST RESULTS 


The above principles, governing the variation in 
internal friction connected with magnesium diffus- 
ion in deformed alloys of aluminium with magne- 
sium, are generally analogous to those applying 
to internal friction phenomena observed in deformed 
alloys of iron with carbon. It can, therefore, be 
concluded that in both of these cases, the same 
physical laws underlie the observed internal fric- 
tion variations. 

Since in the alloys of aluminium with magnesium, 
the interatomic attration forces in crystal lattices 
are independent of the solid solution concentra- 
tion [9 — 10}, it is clear that the displacement in 
the internal friction maximum at higl temperatures 
cannot be ascribed to an increase in the forces 
binding the atoms because of an increased magne- 
sium content. Similarly, this displacement in the 
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internal friction maximum cannot be accounted for 
in terms of an increased average distance through 
which the magnesium atoms can diffuse during the 
period of a single stress oscillation, since some 
increase in the diffusion activation energy was 
found experimentally. 

A most probable explanation is that the displace- 
ment in internal friction maximum at high tempera- 
tures is connected with the basic diffusion process 
being rendered more complex. Owing to the con- 
siderable interatomic attraction forces, which come 
into play in a crystalline lattice, the basic diffus- 
ion process in solid solutions proceeds in a much 
more complex way than in liquids or gases [14]. 
The fact that it was in the deformed state that basic 
diffusion was found to be made more complex, 
makes us seek for its reasons in an interaction of 
the alloying admixture atoms with the crystalline 
lattice defects. 

The presence of all types of possible defects in 
the crystal lattice of deformed metals as well as the 
existence of internal stress gradients, creates favour- 
able conditions for the setting in of diffusion [15], 
with the resultant non-uniform distribution to the 
alloying admixtures in the solid solution. It was 
established experimentally that in deformed solid 
solutions there are created concentration gradients 
extending to quite a considerable extent, for ins- 
tance, in the vicinity of slip lines.[16, 17]. Obvious- 
ly, there exists a possibility of concentration dif- 
ference between the planes in tension and under 
compression, with consequent establishment in 
them of anisotropic distribution of the admixture 
atoms. 

It follows from the theoretical considerations, 
that atom clouds derived from the dissolved alloy- 
ing admixtures can accumulate near crystalline lat- 
tice defects, such as dislocations [18]. 

There is no doubt that a non-uniform admixture 
distribution in the volume of solid solution can 
complicate the basic mechanism of diffusion pro- 
cesses, which are responsible for the occurence of 
the internal friction phenomenon. 

An analysis of the internal friction variation in 
deformed iron containing carbon admixtures leads 
to the conclusion that in all probability, the inter- 
nal friction phenomenon is associated with dif- 
fusion of carbon atom clouds present near disloca- 
tions [6]. 

The variations in internal friction as found in 
deformed alloys of aluminium with magnesium can 
thus be explained in the same way. 


Certain differences observed between the de- 
pendence of the internal friction maximum on the al- 
loying admixture concentration in the alloys of 
aluminium with magnesium and those of iron and 
carbon, could be explained by peculiarities in the 
interaction mechanisms, with the crystalline struc- 
ture defects, of magnesium atoms in aluminium and 
carbon atoms in iron. 

As the carbon content in deformed iron alloys is 
increased, the height of the internal friction maxi- 
mum also increases but its position on the tempera- 
ture scale is unchanged. In the case of aluminium — 
magnesium alloys, there is also observed a rise in 
the height of the maximum, but at high tempertatures 
it is accompanied. by a shift in its position. 

It is known that carbon atoms deform strongly 
the crystal lattice of iron. The carbon atoms’ inter- 
action with dislocations is very intense and their 
equilibrium concentration in the atom clouds near 
dislocations is very small [18]. The equilibrium 
is practically established already by the capture 
of one carbon atom per atomic plane. Therefore, it 
is difficult to study atom cloud formation kinetics 
in this case. With increasing concentration of car- 
bon in the iron solid solution, the number of dis- 
locations having an equilibrium cloud of atoms also 
increases and, with it there is a corresponding in- 
crease in the internal friction maximum to an ex- 
tent determined by the diffusion of carbon atoms in 
the vicinity of dislocations, the increase continu- 
ing until the equilibrium clouds of carbon atoms 
are created around all dislocations. When this 
state is reached, a further increase in the carbon 
atoms concentration has no longer any influence on 
the value of internal friction. 

In aluminium — magnesium alloys, the equilibrium 
concentration of magnesium atoms around disloca- 
tions is considerably greater than that of carbon in 
iron, and its final value is reached gradually in 
function of magnesium concentration rise in the 
solid solution. Consequently, as the number of 
atoms in the atomic clouds increases, the internal 
friction maximum gets displaced towards the region 
of high temperatures, the process continuing until 
the value of equilibrium concentration is reached 
around all dislocations. It is for this reason, that 
the kinetics of atomic cloud formation from the 
alloying admixture atoms can be observed in alloys 
of aluminium with magnesium. Theoretically, [18] 
an equilibrium in the atom cloud around the dis- 
location is reached, in the case of aluminium — 
magnesium alloys, at a magnesium concentration in 
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the solid solution of about 0.15 — 0.20 per cent. 
Such clouds of alloying element atoms can, obvious- 
ly, form-also at points of deformation and crystal- 
line structure defects that are different from dis- 
locations. 

Turning to curves in Figs. 6 and 8, one can see 
that the changes in both the internal friction maxi- 
mum position and in the activation energy pass 
through a saturation stage whicl corresponds to 
magnesium concentration of 0.1 — 0.5 per cent. In 
all probability, these two curves represent the 
kinetics of magnesium atoms cloud formation around 
the crystalline lattice defects. 

Since, in the case of aluminium — magnesium 
alloys the interatomic attraction forces in the 
region of a — solid solution remain constant, the 
increase in recrystallization temperature must, 
clearly, be connected with the creation of a non- 
uniform distribution of magnesium atoms in deformed 
solid solution. In recently published investigations 
(131, an increase was observed in the recrystal- 
lization energy as a function of increasing magne- 
sium concentrations. This fact agrees well with the 
results obtained in our investigations. It is desirable, 
however, to undertake a more systematic study of 
recrystallization in order to be able to put forward 
a full explanation of the effect of alloying admix- 
tures on the course of recrystallization. 

The maximum B of internal friction is situated 
in the recrystallization temperature region, but 
this maximum is not, however, directly connected 
with the recrystallization process. Results from 
this test series show that the recrystallization tem- 
perature increases with increasing magnesium con- 
centration, whereas the position of maximum B 
remains constant within the range of experimental 
accuracy. 

It is interesting to note that with the onset of 
recrystallization, the values of internal friction 
are not subjected to a rapid variation of tlie kind 
observed, for instance, with hardness, yield point 
and a number of other properties. The internal 
friction curve varies in a smooth way and it is im ~ 
possible to detect the moment of recrystallization 
from its course. This points to the fact that the 
type B internal friction is associated with motion 
under the action of such crystalline lattice stres- 
ses, which, being created by elastic deformation, 
does not disappear immediately the recrystallization 
has started but diminishes gradually with increasing 
temperature. In this class of defects, one could 
include, for instance, dislocations, vacancies 
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interstitials or a combination of the above defects. 
With increasing magnesium concentration, the 
width of internal friction maximum B also increases, 
mainly because of its low-temperature branch 
shifting into the region of high temperatures. This 
shows that the nature of the crystalline lattice 
defects changes with increasing magnesium con- 
centration in such a way that the number of mobile 
crystalline lattice defects tends to diminish. 


CONCLUSIONS 


(1) A new internal friction maximum was observ- 
ed, which is associated with magnesium diffusion 
in deformed alloys of aluminium and magnesium. 

It was shown that this internal friction maximum 
shifts into the region of high temperatures, and 
that the magnesium diffusion activation energy 
increases witli increasing magnesium concentration 


in.the solid solution. 
(2) It was found that the temperature of re- 


crystallization of alloys increases with increasing 
magnesium concentration in the solid solution. 

(3) The shift of internal friction maximum into 
the high-temperature region, and diffusion of 
magnesium activation energy as well as the 
increase in the recrystallization temperature are 
explained by the basic diffusion processes being 
made more complex as a result of a non-uniform 
distribution of magnesium atoms in deformed solid 
solution and because of formation of clouds of 


magnesium atoms around crystalline lattice de- 


fects. 

(4) The curve of temperature dependence of 
internal friction associated with crystalline lattice 
deformations in consequence of elastic deforma- 
tions, does not show any remarkable changes at 
the moment when it passes through the recrystal- 
lization temperature. Consequently, this maximum 
of internal friction is connected with such types of 
crystalline lattice defects which do not disappear 
during recrystallization. 

An increase in magnesium concentration affects 
the internal friction curve in a way which makes 
it possible to assume that the quantity of the most 
mobile crystalline lattice defect diminishes with 
increasing magnesium concentration. 


Translated by H. Cygielski 
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IDENTITY PERIOD OF THE LATTICE OF PURE VANADIUM AND THE * 
EFFECT OF OXYGEN ON IT 


M.A. GUREVICH and B.F. ORMONT 


The author’s determinations of the identity period of pure vanadium metal are compared 
with published values, and a new value of 3.024 + 0.001 A is proposed to replace that found 
in existing handbooks. A method of determining oxygen, dissolved in vanadium, based on 
the change which it induces in the lattice constant, is proposed and figures are tabulated for 


this change. 


[In recent years the demand for pure vanadium 
metal has greatly increased because of the 
special properties of vanadium and its compounds. 
The production of very pure vanadium is extremely 
complicated, mainly because of the great affinity 
of the element for oxygen, which forms with it 
solid solutions and numerous oxides. Impurities, 
particularly oxygen, greatly affect the properties 
of the metal: as little as 0.15 atomic percentage 
of oxygen embrittles it appreciably and makes it 
difficult to work [1,2]. The pure metal is extremely 
ductile; for example, some spectroscopically pure 
vanadium we have, which contains only traces of 
iron, and which was obtained by reduction from 
oxides with calcium (the bead is covered with a 
dull, leaden-coloured film, protecting the metal 
from oxidations, as in the case of aluminium) was 
easily hammered out into a sheet of foil. But 
vanadium obtained by aluminothermy and contamin- 
ated with oxygen and other impurities is extremely 
brittle and easily disintegrated into powder [2]. 
Communications about the production of high 
purity forged vanadium have also been published 
[3,4]. Thus ductility (forgeability) is an indirect, 
technical indication of the purity of the metal. 

It is of practical as well as theoretical interest 
to know accurately the identity period of the vana- 
dium lattice in connexion with distortions and 
defects of the lattice distinct from dislocations. 

We have made an X-ray investigation of sam - 
ples of vanadium metal obtained by various 
methods (reduction of vanadium oxides with cal- 
cium, aluminothermy, etc). The X-ray spectra 
were recorded by the asymmetric method with 
large diameter (114 mm) cameras (RKU-114) and 
CrKa radiation of wavelength 2.2909] A. Brittle 


specimens were reduced to powder which was put 
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[ Reprint Order No. POM 17 }. 


into a celluloid capillary, and ductile beads of 
metal were hammered into rods of about 1 mm 
diameter. 

Since after crushing or forging the specimens 
we did not anneal them, so as to avoid dissolu- 
tion of oxygen in the metal, (even vacuum anneal- 
ing, unless special measures are taken, cannot 
prevent solution of a certain amount of oxygen) 
the lines of the spectra were comparatively wide 
and therefore diffuse. 

Table 1 presents our results on the determina- 
tion of the identity period of the body-centered 
cubic lattice of vanadium and compares them with 
published data. Chemical analysis shows the 
gross composition, while a change in the identity 
period is due to the formation of a solid solution. 
This should be borne in mind in analysing the 
results. Our results for beads of spectroscopically 
pure vanadium (a = 3.024 + 0.001 A) are identical 
with those of Osava and Oja [5] and of Matinson 
et al [6], and extremely close to those of Seibolt 
and Sunsion [1]. 

If we exclude Hagg’s possibly erroneous figures 
[7] the remaining values (both ours, and those in 
the literature) listed in the table are 3.024 or 
higher. Values above 3.024 A are definitely caused 
by impurities and mainly by oxygen, which widens 
the lattice. The allegation that dissolution of 
oxygen in vanadium reduces its lattice constant 
[6] is wrong according to various authors [8, 9, 1] 
In fact, according to these latter, dissolution of 


oxygen increases the lattice constant [1, 9]. A 
tetragonal deformation of the lattice has also been 
described. 

It is interesting that the lattice of niobium 
(columbium) which falls into the same group as 
vanadium in the periodic table, is widened and not 


contracted when oxygen dissolves in it [10]. 
We consider that the identity period for vanadium 


a = 3.024 + 0.001 A (3.018 + 0.001 kX) should be 
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entered in data tables as the most probable value 
for the pure metal. Neuburger’s proposed value of 
3.0338 + 0.0003 A [11] which is reproduced in all 
existing data tables, although determined by pre- 
cision X-ray analysis, was probably obtained on 


impure material. 

Although pure vanadium metal is produced from 
extremely pure starting materials (oxides, chlor- 
ides, and iodide of vanadium etc.) it is quite pos- 
sible for the product to be contaminated with 
oxygen. A knowledge of the change in the identity 
period with the amount of oxygen dissolved in the 
specimen can be made the basis of an X-ray method 
of determining the latter, a particularly valuable 
possibility since a direct determination of the 
amount of oxygen in metals, and particularly in 
vanadium, is very difficult by any other method. 

Hence we consider it useful to present Table 2, 
showing the change in the identity period of vana- 


TABLE 2. Variation of the identity period of vanadium 
with the amount of oxygen dissolved in it 





Identity period, A 


Atomic percentage O 





spectroscopically pure 
forged metal 
0.039 


3.024 

3.0255 
3.0275 
3.0291 
3.0376 
3.0495 





dium with the amount of oxygen present in the 
metal (up to 3.2 atomic percentage). In this table 
we have made use of Seibolt and Sunsion’s [1] 
figures and also our own value for the identity 
period of the pure metal. Above 3.2 at.% oxygen 
forms a new tetragonal phase alongside the a- 


phase of vanadium. 
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THE INFLUENCE OF THE VACUUM AND TEMPERATURE OF 
SUPERHEATING ON THE STRUCTURE 
OF PIG-IRON* 


I.E. BRAININ and S.I. SHAPOVALOV 
The N.S. Krushchev Donets Industrial Institute 
(Received 16 January 1956, in revised form 14 April 1956) 


By smelting cupola furnace pig- iron in magnesite and graphite crucibles in a vacuum and 
under atmospheric pressure it has been established, that a reduction in the dimension of 
the graphite segregations is facilitated by the following factors: increase in the degree of 
super - heating of liquid pig-iron, melting in a vacuum and reduction in the content of 
sulphur. These factors increase the melt surface tension - graphite interface, and favour 
crystallizations of pig- iron with super-cooling. This is also the explanation of the oc- 
curence of globular graphite without modifying additions when super-heating pig - iron 
with traces of sulphur to 1700° in a reducing atmosphere. 


In order to study the influence of vacuum and The experimental was as follows. Six samples 
temperature at which liquid pig -iron is super- of cupola furnace pig- iron were superheated in 
heated on its structure, conical samples were cast magnesite crucibles at atmospheric pressure, and 
from cupola furnace pig- iron, their weight being 12 samples were superheated in a vacuum, of 
200 g and their chemical composition as follows : which six were then superheated again at at-. 

C — 3.68%, Si — 1.50%, Mn — 0.63%, P — 0.072%, mospheric pressure. Thirteen samples were super - 

S — 0.78%. The melting of the samples was car- heated in graphite crucibles in a vacuum, of which 
ried out in magnesite crucibles of the following six were again superheated at atmospheric pressure. 
composition : MgO — 92.5%, CaO — 1.52% a; . The temperature at which the samples were 

2.15%, A1,0, — 1.50%, Fe,0, — 2.33%, and cut out superheated was changed from 1150 to 1700° 

of magnesite brick, and also in graphite crucibles, by stages of 110°. The pig-iron melted in the 

cut out of electrodes used for electric arc furnaces crucible and was cooled in the furnace after sustain- 


The inner dimensions of the crucibles were as fol- ing the maximum temperature for 10 min. The 


lows : diameter — 36 mm, height — 55 mm. The rate of cooling is shown by the curve in Fig. 1 


samples entered the crucibles easily. The melting 

was conducted in a crucible vacuum furnace with 

a graphite heater at a vacuum of 10 mm volume. 
The measurement of the temperature of the liquid 








pig-iron in the furnace was carried out by an opti- 

cal pyrometer type OPPIR - 09 through the inspec- Mes 
tion hole. In order to correct the indications of the 
optical pyrometer three experimental melts were 
made at which the temperarute of the liquid pig - iron 
was simultaneously measured by both a control 





a 





























platinum rhodium — platinium thermocouple and 





the optical pyrometer up to 1600°. uw wa 2 3 
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[ Reprint Order No. POM 18}. FIG. 1. The rate of cooling of the experimental 


bars in the furnace after sustaining the ultimate 
temperature. 
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As the graphite heaters were employed the at- 
mosphere of the furnace during melting without 
vacuum consisted of nitrogen and carbon monoxide. 

The method of the melting and the chemical com- 
position of the melted samples are shown in Table 
1. It can be seen from this table that when pig- 
iron is melted, either in magnesite or in graphite 
crucibles, at atmospheric pressure, the content of 
silicon, manganese and phogphorus does aot change 
to any practical extent when the temperature of the 
pig-iron is raised from 1150 to 1700°. 

Up to the temperature of 1480° the sulphur content 
does not change, but at higher temperatures, es- 
pecially at 1700°, it falls sharply. The fall in the 
sulphur content can be explained by the formation 
of the gaseous compound CS, [1] 


When melting is carried out in a vacuum in 
magnesite and graphite crucibles the phosphorus 
content scarcely changes, and the content of man- 
ganese and sulphur falls, reaching a very low level 
at high temperatures. The fall in the manganese 
content is linked with its evaporation in the vacuum 
When melting is carried out in graphite crucibles 
the manganese content does not fall as much as 
when melting is done in magnesite crucibles. It is 
evident that the increase in the carbon content of 
the pig-iron hinders the evaporation of the man- 
ganese. 

When melting is done in a vacuum in graphite 
crucibles the sulphur content falls approximately 
to the same extent as when melting is done ina 
vacuum in magnesite crucibles, which to a certain 
degree confirms the assumption which has been 
expressed as to the formation of gaseous carbon 
disulphide at high temperatures. 

When the melting of pig-iron is carried out in a 
vacuum in magnesite crucibles the carbon content 
falls as the temperature of the liquid pig -iron rises, 
as a consequence of the re -establishment by the 
carbon not only of ferric oxide, but also of silicon 
dioxide and manganese from the material of the 
crucible (especially at high temperatures). When 
melting is done in graphite crucibles the carbon 
content strongly increases as the temperature of 
the liquid pig-iron rises, as a result of the increase 
in the dilution of the carbon. The silicon content 
somewlat increases when pig-iron is melted in a 
vacuum in magnesite crucibles, and is particularly 
noticeable at a temperature of 1700°. The increase 
in the silicon content of the pig-iron at high tem- 
peratures is explained by the re-establishment of 
silicon from the material of the crucible. 


In order to study the microstructure the experi- 
mental bars were cut along their axes into two 
halves. From one half a cross -section was pre- 
pared, and the microstructure was studied before 
and after etching at magnifications of from 100 to 
400 times. 

From a study of the forms and dimensions of 
the graphite the length and thickness of the 
graphite flakes was determined in ten visual fields 
with the help of an ocular micrometer, and then 
the average value from ten measurements was 
determined. 

In the majority of bars the flakes of graphite 
were of two sharply differing dimensions : large 
and small. Measurment was carried out separately 
for the large and small particles. As well as mea- 
suring the graphite particles attention was directed 
to the nature of their position and shape. 

The structure of the metallic matrix was studied 
after etching the cross-sections in a 4 per cent 
solution of nitric acid in alcohol. By this means 
the quantity of pearlite in percentages of the. area 
was determined, and the character of the distribu- 
tion of phosphide eutectic. 

The study of the structure of the bars was car- 
ried out over the whole surface of the cross - 
sections, but the central zone of the bars was used 
to compare the structures of the different bars, in 
relation to the temperature and method by which 
they had been smelted. 

The characteristic of the graphite particles of 
bars melted by the different methods is shown in 
Table 2, from which it can be seen that in each 
bar there are graphite particles of two sizes: large 
and smaller. When the temperature of the liquid 
pig-iron rises both sorts of graphite become re- 
duced in size. However at high temperatures the 
small flakes of graphite shrink more vigorously. 


The small particles ot graphite take on the 
characteristics of super-cooled eutectic graphite 
commencing at a temperature of 1480° under the 
first method and at 1370 under the second, third 
and fourth methods (Fig. 2; Fig. 3a, b). At lower 
temperatures the small graphite occurs in the form 
of globular flakes, more or less equally distributed 
over the area, whilst the eutectic graphite is situat- 
ed between the primary dendritic austenite which 
points to the pre -eutectic nature of the crystal- 
lization of these sections. 


As the temperature of the pig- iron rises,not only 
to the dimensions of the graphite particles fall, 
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but the area occupied by small graphite rises. The 
large graphite is arranged in the form of rosettes. 
Both the large and the small graphite have a 
globular form. The metal base of the experimental 
bars, with the exception of those melted in a 
vacuum, is pearlite — phosphide eutectic, occuring 
in the form of small isolated sections, the dimen- 
sions of which fall as the temperature of the pig - 
iron rises. 

In the sixth bar (melted at a temperature of 1700°) 
done by the second method, cementite occured in 
the central zone. The microstructure of this middle 
white zone consists of dendritic pearlite and 
ledeburite. 

The microstructure of the grey outer zone con- 
sists of dendrites of pearlite, bordered by edgings 
of ferrite and eutectic graphite (Fig. 2). 
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FIG. 2. The microstructure of the bar, obtained 

by re-melting a cupola furnace assay in a 

magnesite crucible in a a super- 

heating temperature of 1700° (on the edges of 
the bar x 80. cleansed. 


vacuum at 


In the middle zone of the sixth bar made by the 
third method, melted at a temperature of 1700°, 
the structure also became whitened (Fic. 4) 
and consisted of dendritic pearlite and ledeburite, 
whilst in the border zone the structure consisted 
of superfluous dendritic pearlite and graphite 
eutectic. 

A comparison of the microstructure of the sixth 
bar melted by the third method, with the correspond- 
ing microstructure of the original sixth bar melted 
by the second method, shows that the quantity of 
ledeburite in the middle zone and of graphite eute- 
ctic in the border zone of the re-melted bar was 


considerably less, which is explained by the fall 
in the carbon content of the pig-iron when it is 
re-melted. This also is the explanation of the 
comparative dimensions of the inner whitened 
zone in comparison to this zone in the original 
bar. 

The formation of a grey zone, in the six bars 
treated by the second and third methods, at the 
bottom and around the walls of the crucible, and 
the great width of this zone in the upper part of 
both bars, is explained by erosion of the walls 
of the magnesite crucible at a temperature of 1700° 
and the formation in the pig- iron of suspensions of 
magnesium oxide, which is an embryonic phase 
for the crystallization of graphite. In the middle 
part of the bar, which had frozen more slowly, the 
magnesium oxide had started to float, thus extend- 
ing the grey zone in the upper part of the bars. 

From a comparison of the dimensions and form 
of the graphite particles in the bars prepared by 
the first three methods, it appears that the dimen- 
sions of the graphite in the experimental bar pre- 
pared by the third method occupy a middle position 
between the dimensions of the graphite of the first 
and second methods, namely : the largest particles 
of graphite and the largest quantity of eutectic 
graphite are found in bars prepared by the first 


method, melted from cupola furnace pig- iron at 
atmospheric pressure, whilst the largest quantity 
of eutectic graphite was found in bars of the se- 
cond method, and moreover, beginning with the 
fourth bar melted at 1480°, the graphite occured 
exclusively in the form of eutectic. 

Pig-iron melted in a vacuum and re- melted at 
atmospheric pressure contains more eutectic 





FIG. 3. The microstructure of a bar, obtained by 
re-melting cupola furnace assay in a graphite 
crucible in a vacuum at a _ superheating tem- 


perature of 1810°. 


a — x 80. b — eutectic graphite, x 320. Not 
cleansed. 


graphite than bars prepared by the first method, 
and the disposition of the graphite particles exclu- 
sively in the form of eutectic graphite is observed 
only in the border zone of the sixth bar, re - melted 
at 1700°, which has a whitened core. The reduction 
im the size of the graphite particles in the bars 
melted in a vacuum, and also in the bars which 
after melting in a vacuum were re - melted at at- 
mospheric pressure, is evidently connected not 
only with the reduction in the gases and non - 
metallic impurities in the pig-iron, but also with 
the fall in the carbon content in the bars melted 
at high temperatures. 

The eutectic graphite in the seventh bar pre- 
pared by the fourth method, re-melted at a tem- 


perature of 1810°, has an almost rounded form 


(see Fig. 3b). 


From the characteristics of the microstructure 
of the bar prepared by the fifth method (Table 2) 
it can be seen that when the temperature of the 
pig -iron rises the dimensions of the large particles 
of graphite increase up to the fourth bar, moreover 
the characteristic primary particles of post - 
eutectic graphite are visible in the third and fourth 
bars with a carbon content of 4.18 and 4.35% res- 
pectively. Beginning with the fifth bar, re - melted 
at a temperature of 1590°, the length of the primary 


FIG. 4. The microstructure of a bar. re-melted 


in a magnesite crucible at a superheating tem- 


perature of 1700°, cleansed in a 15 per cent 
solution of ammonium persulphate. 


graphite particles falls sharply, but their thickness, 
on the other hand, increases. The small flakey 
particles of graphite are clearly visible beginning 
with the third bar. Their length diminishes as the 
temperature rises. 

Super - cooled eutectic graphite in the form of 
small flakes is met with in the lower part of the 
sixth bar (super-heated at 1700°). Alongside the 
eutectic graphite, particles of globular graphite are 
also found here as is shown in Fig. 5. 


FIG. 5. The microstructure of the sixth bar (tem- 

perature of superheating 1700°) prepared by the 

sixth method at the place where globular and 
eutectic graphite occurs.x 80. Not cleansed. 


A comparison of the microstructure of the bars 
of hyper-eutectic pig-iron prepared by the fifth 
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TABLE 1 Method of smelting and chemical composition of smelted assays 





Method of smelting Chemical composition % 





Method Temp 
of of 
smelting Pressure Original Material super- 
of heating 
specimens crucible 





0.078 
0.076 
0.075 
pig- iron éf 0.075 
0.063 
0.016 


Atmospheric Cupola furnace Magnesite 


0.049 
0.037 
‘ 0.030 
pig- iron 68 0.017 
0.010 
0.006 


Vacuum Cupola furnace Magnesite 


0.050 
0.036 
. 0.030 
By Method II : 0.015 
0.007 
0.005 


Atmospheric Pig- iron prepared Magnesite 


0.080 
0.068 
0.050 
pig - iron i 0.030 
0.008 
0.008 
0.005 


Cupola furnace Graphite 


0.080 

Pig - iron 5: 0.070 
prepared by 37( j 0.050 
Atmospheric Method IV Magnésite , 0.028 
0.008 
0.004 
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method, by re - melting bars prepared by the fourth 
method in magnesite crucibles at atmospheric 
pressure, with the structure of the original bars 

of hyper-eutectic pig-iron prepared by the fourth 
method, (by re- melting cupola furnace pig - iron in 
graphite crucibles in a vacuum), it appears that 
melting in a vacuum (reducing the gas and non- 
metallic impurity content of the pig- iron) dimi- 
nishes the length of the large and small graphite 
particles and facilitates the obtaining of super - 
cooled graphite. When melting in a vacuum, sections 
containing eutectic graphite were obtained at a 
temperature of super -heating of 1470°, whilst when 
pig-iron melted in a vacuum was re - melted at 
atmospheric pressure, eutectic graphite was 
obtained in a superheating temperature of 1700° 
only in the lower part of the bar. 

The obtaining of globular graphite in this bar 
is obviously linked with the low sulphur content 
and the reducing atmosphere of the furnace, which 
facilitates the increase of surface tension in the 
liquid pig - iron. 

The increase in the surface tension of the liquid 
pig - iron together with the fall in the sulphur con- 
tent has been established by Gtitter and Marincek 
[2]. According to White and other investigators, 
the surface tension of liquid metals can change 
by a factor of two or three depending whether the 
atmosphere is reducing or oxidized [3]. As early 
as 1949 Brainin came to the conclusion, on the 
basis of analysis of the influence of magniate on 
the crystallization of graphite and the influence 
of sodium on the crystallization of silicon, that 
both these modifiers increase the surface tension 
of the liquid — crystal interface, which facilitates 
erystallization when supercooling takes place [4]. 

The increased surface tension at the liquid — 
graphite interface in comparison with the surface 
tension at the liquid — austenite interface facir 
litates not only the crystallization of the graphite 
when supercooling takes place, but also the 
formation around the graphite nuclei of a conti- 
nuous envelope of austenite. The further growth 
of the graphite particles takes place in the same 
way as in wrought iron, and their form is determin- 
ed by the character of the discharge of iron ions 
from the crystallization front of the graphite. 

Separate particles of globular graphite in highly- 
tough pig-iron without the addition of modifiers 
were obtained by H. Frei, who however, paid no 
attention to this [5]. 

Piwowarsky described in the discussion on the 


report on “Pre-requisites for the preparation of 
pig -iron with globular graphite, its properties and 
use” [6] that he had obtained globular graphite at 
a certain degree of superheating in electric 
furnaces with basic and acid lining without admis- 
sion of air. Unfortunately we were not able to con- 
sult Piwowarsky’s work, in which he describes 
the chemical composition of the pig- iron and tem- 
perature at which it was superheated . 

The hardness was studied from the same cross- 
sections as the microstructure. The hardness was 
determined in the middle of the cross-sections 
by the Brinell method with a ball, 10 mm in 
diameter. 

The hardness of the bars, melted at atmospheric 
pressure, varied within the range of 183 — 202HB. 
The lowest hardness (163 — 1744p) is found in 
the bars melted according to the second method 
in a vacuum with the largest quantity of ferrite. 


CONCLUSIONS 


(1) When liquid pig-iron is super -heated at 
high temperatures in magnesite crucibles in a re- 
ducing atmosphere (CO+ N,), the sulphur content 
falls appreciably, and it is obvious that the surface 
active iron oxides (to a certain degree reduced in 
the melt, are re-established. All these factors in- 
crease the surface tension at the interface between 
liquid and graphite, which facilitates the crystal- 
lization of the graphite in the form of supercooled 
graphite eutectic. 

(2) The obtaining of globular graphite without 
modifying additions by superheating the pig- iron 
(1700 — 1800°) in a reducing atmosphere shows that 
the formation of globular graphite is linked with 
increased surface tension at the liquid - graphite 
interface, brought about by the re -establishment 
of superficially active oxides and the reduction 
of sulphur to a trace. 

(3) The increased surface tension at the liquid — 
graphite interface in comparison with the surface 
tension of the liquid — austenite interface faci- 
litates the creation around the graphite particles of 
a continuous austenite envelope. The further growth 
of the graphite particles takes place in a homoge- 
neous medium, and is determined by the character 
of the discharge of iron ions from the crystalliza- 
tion front of the graphite, which facilitates the 
formation of the latter in globular form. 
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(4) It is essential that experiments should be 
carried out in industrial conditions for the obtain- 
ing of highly tough pig-iron with globular graphite 
without modifying additions by means of super - 
heating it in an electric furnace in a reducing 
atmosphere, which facilitates the re -establishment 
of oxides diluted in the pig- iron and the elimina- 


tion of sulphur. 
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STRESS RELAXATION IN ALUMINIUM - MAGNESIUM ALLOYS* 


M G. GAIDYKOV and V.A. PAVLOV 
Institute of Metal Physics, Urals Section of the Academy of Sciences, U.S.S.R. 
(Received 2] June 1956) 


An investigation is made of stress relaxation in aluminium - magnesium alloys in the temperature 
range of 100-300°C, under an initial stress of 300g/mm’. 

It is shown that aluminium - magnesium alloys exhibit an increased resistance to relaxation as 
compared with pure aluminium. The increased relaxation resistance is attributable not to an 
increase in the forces of interatomic attraction, but to the presence of static defects in the 
crystalline lattice, which are caused by magnesium atoms, and also to the distribution of 
magnesium by diffusion processes setting in alloys under load. All of these factors favour 
a more uniform stress distribution over the material volume and enhance the effectivenes 
of bond force utilization. 


In previous investigations of aluminium - MATERIAL AND METHOD OF INVESTIGATIONS 
i gianna: ean edagrabriaulaaia The investigations were made on the alloys 
quite considerable static defects in the crystalline aT 9 , : 
lattice caused by magnesium atoms; such defects Pe TABLE 
increasing with increasing concentration of magne- : 
sium in the solid solution, while the interatomic Alloy Clnisiaidl datapath Ailes 
force of attraction in the a — solid solution zone (%) temp. (°C) 
remains constant [1, 2]. Fe] si] Cu | Mg 











Aluminium 


; : AV000 
Because of static defects in the crystalline lat- ae 
Aluminium 


tice, there occur in these alloys diffusion proces- ~ 0.1% Mg 
ses of magnesium atoms under the action of applied qj, minium Note: Please take figures from 
external stresses. In deformed alloys, owing to the — 1.0% Me original p 123, changing 
presence of internal stress gradients, there sets in Aluminium all, comas to points 

a steadily increasing diffusion with a consequent 2.0% Mg eg. 0.0017= 0.0017 
non-uniform distribution of admixtures over the L 

volume of solid solution and formation of magne- The alloys were prepared in a high frequency 

sium atom accumulations around the crystalline de- electric femace and rolled to plates 14 mm square. 
fects in the lattice and dislocations, which, in Fisiia thie planes: seen prépensd 2006 openiniaun, 

its turn, leads to complication in the nature of the ih nndelny quik tonghsol 108 tna Aes 
basic process of diffusion and to an increase in the meter 8 mm, the threaded head diameter being 12mm. 
recrystallization temperature [3]. The specimens were annealed at temperatures 


shown in Table 1. The annealing temperatures 




















The knowledge of relaxation stresses in alumi- were So chosen that the average grain size obtain- 
nium - magnesium alloys is of interest from the view ed as a result of recrystallization, was 0.16 mm. 

The study of relaxation stresses was made in 
machines constructed by YF AN, with automatical- 
ly recorded relaxation stress diagrams. The tests 


point of explaining the nature of the effect exerted 
by static deformation of the crystalline lattice 
brought about by magnesium atoms, on the beha- 
viour of the alloys under load at high temperatures _—_ were done at tle temperatures of : 100, 125, 200, 
and low speeds of deformation, as well as from the 250, and 300°C with an initial stress of 0.3 kg 
point of view of a further study of diffusion proces- —mm?. ‘This stress was approximately half of the 
ses occurring under loads and their influence on pure aluminium yield point at 300°C. The furnace 
temperature was maintained constant during the 


tests to within a few tenths of a degree and the 


* Fiz. metal. metalloved. 4, No. 1, 123-130, 1957 temperature distribution along the specimen length 
[ Reprint Order No. POM 19 }. was measured to within 1°C. 


stress relaxation. 








TEST RESULTS 


In Fig. 1 are given typical stress relaxation dia- 
grams as determined for pure aluminium and for its 
allovs with magnesium. The part of the curves from 
0 to to corresponds to stressing the specimens at a 
constant speed until the required initial stress oo 
was reaclied. \s soon as this stress value was 
reached, the machine was switched to automatic 
maintenance of tle test specimen length and, from 
this moment, tle stress relaxation was started 
Depending on the test temperature and the alloy 
composition, different patterns were observed in 


stress variation with time 











Or 


° 
Fig. 1. 

Nhen the speed of relaxation of stress was lower 
or equal to the speed of unloading, which can be 
applied by means of the test machine unloading 
device, there can be observed from the very begin- 
ning of relaxation, a gradual reduction in stresses. 
In this case, the curve of relaxation stresses has 
the form shown schematically in Fig la 

At high test temperatures, the initial speed of re- 
laxation can be greater than the speed of machine 
unloading. In such cases, there is observed, at 
the start of the curve, a rapid drop in stresses by 
comparison with the speed at which the test 
machine is unloaded by its unloading device. This 
stress reduction continues until the speed of re- 
laxation becomes eitler lower or equal to the speed 
at which the test machine is unloaded. The further 
course of the stress relaxation process proceeds 
just as in the first case. This type of stress re- 
laxation diagrams is shown in Fig. 1b. 

In aluminium - magnesium alloys containing 1.04 
and 1.85 per cent of magnesium, diagrams of 
stress relaxation of tle type slown in Fig. 1b were 
observed at some test temperatures. In these cases, 


at some moment of stress relaxation, there is 
observed an increase in the acting stresses and, 
quite often, the stresses were increased so much 
that their value exceeded that of the stress initial- 
ly applied to the test specimens. Depending on the 
test temperature and the alloy composition, these 
increases in the stresses were observed at dif- 
ferent moments of relaxation. 

In Figs. 2 - 5 are shown relaxation stress curves 
in the co-ordinates o/0o,log 7; here oo = original 
stress, o = instantaneous stress and 7 = time in sec. 

In Fig. 2 are shown relaxation stress curves for 
pure aluminium at test temperatures of 100, 125, 
150 and 200°C. With increasing temperature, the 
stress relaxation increases, particularly notice- 
able being the acceleration of stress reduction in 
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FIG. 2 Relaxation stress curves for pure alu- 
minium at temperatures of: 


i. 100°C; 2. 125°C, 3. 150°C; 4. 200°C. 
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FIG. 3 Relaxation stress curves in 
of aluminium with 0.12 per cent magnesium at tem- 


peratures of: 
1. 100°C; 2. 125°C; 3. 150°C; 4. 200°C, 5. 250°C; 
6. 300°C. 
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Stress relaxation in aluminium - magnesium alloys 


the initial moment after the application of load. 

At the temperature of 100°C, the speed of relax- 
ation is comparatively low, and the diagram of 
stress relaxation has the form as shown in Fig. la. 
At a temperature of 125°C there is, however, 
already an increase in stress relaxation and, initial- 
ly, a rapid reduction is observed in a part of the 
stresses; the relaxation stress diagram assumes, 
here, the form as shown in Fig. 1b. 


With increasing test temperature, the value of 
stress reduction in the initial moment of relaxa- 
tion increases steadily, so that at the temperature 
of 200°C, during the initial moment of relaxation 
the acting stresses reduce to half of their original 
value and disappear completely 25 hr after relaxa- 
tion. 


In Fig. 3 are shown curves of relaxation stres- 
ses for an alloy of aluminium with 0.12 per cent of 
magnesium. By comparing Figs. 2 and 3, one can 
see that in the case of aluminium with an addition 
of 0.12 per cent of magnesium, the relaxation of 
stresses proceeds at a speed that is lower than 
that for pure aluminium. A rapid drop in relaxation 
stresses is observed at the beginning with tempera- 
tures of the order of 250°C, and a full disappear- 
ance of stresses is found only 25 hr after relaxa- 
tion — at 350°C. However, the character of the 
stresses relaxation dependence on temperature 
and time remains, just as in the case of pure alumi- 
nium, with the exception that at the temperature of 
100°C in the initial period, the stress relaxation 
proceeds a bit more intensively than at the tempera- 
ture of 125°C. The anomalous dependence of relaxa- 
tion stresses on temperature, which is characteris- 
tic of aluminium alloys with magnesium, is not, as 
yet, shown fully in this particular alloy, but 
becomes more noticeable at higher magnesium con- 


centrations. 


The curves of relaxation stresses for the alloy 
of aluminium with 1.04 per cent of magnesium, are 
shown in Fig. 4. By alloying with this amount of 
magnesium one changes not only the relaxation 
intensity, but also the nature of its dependence on 
temperature. As already mentioned before, an in- 
crease in the acting stresses is observed with this 
alloy. At a test temperature of 100°C, a low stress 
relaxation is found during the first several i.c 18s, 
and then the acting stresses begin gradually to in- 
crease reaching a value higher than the original 
one towards the end of test. 


At the temperature of 125°C, the increase in 
stresses sets in sooner than at 100°C; after some 
increase, the stresses drop again. A maximum ap- 
pears on the relaxation curve. 


At temperatures of 150, 200 and 250°, no in- 
crease in the curves was observed, but instead a 
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FIG. 4 Curves of stress relaxation for alloy of 

aluminium with 1.04 per cent of magnesium at 

the temperatures of: 

1. 100°C; 2. 125°C; 3. 150°C; 4. 200°C; 5. 250°C; 
6. 300°C. 
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FIG. 5 Curves of stress relaxation for an alloy 

of aluminium with 1.85 per cent of magnesium for 

the temperatures of : 

1. 100°C; 2. 125°C; 3. 150°C; 4. 200°C; 5. 250°C; 
6. 300°C 
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strongly marked anomalous dependence of stress 
relaxation on temperature was found. Thus, for 
instance, during the initial period of relaxation at 
150°C, the relaxation of stresses is greater than 
that for the temperatures of 200, 250 and 300°C. 
At 300°C, the increase in stresses observed ini- 
tially, passes rapidly into stress reduction. 


(\n increase in the magnesium content in the 
alloys up to 1.85 per cent, strengthens the alloy 
still further but does not alter essentially the 
behaviour observed in the case of alloys with 1.04 
per cent magnesium content (Fig. 5). The 
nature and subsequent variations of relaxation 
curves remain as before, with the only difference 
that all the changes occur at higher temperatures. 
Thus, an increase in stresses towards the end of 
test is characteristic for not only 100°C but also 
for 125°C. Similarly, a maximum in the stress 
relaxation curve is found to correspond not to 125°C, 
as it was the case with an alloy with 1.04 per cent 
of magnesium, but to 150°C. It can be assumed 
further that the rise of the curve during the initial 
moment of relaxation, which for the alloy with 1.04 
per cent of magnesium was observed at 300°C, 
should, in the case of an alloy with 1.85 per cent 
of magnesium content, be found to lie at a higher 
temperature. The anomalous dependence of relaxa- 
tion stresses on temperature is well marked in the 





ed 
NY 


N 



































100 150 200 250 300 


Temperature °C 


FIG. 6 Dependence of stress relaxation on tem- 
perature for 100 sec relaxation period. 

1. Pure aluminium; 2 Alloy of aluminium with 
0.12 per cent of magnesium; 3. Aluminium alloy 
with 1.04 per cent of magnesium; 4. Aluminium 
alloy with 1.85 per cent of magnesium content. 
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FIG. 7 Dependence of stress relaxation on temp- 

erature for 1000 sec relaxation period. 

1, Pure aluminium; 2. Aluminium alloy with 0.12 

per cent of magnesium content; 3. Aluminium 

alloy with 1.04 per cent of magnesium content; 

4. Aluminium alloy with 1.86 per cent of magne- 
sium content. 


case of this alloy. For instance, during the initial 
period of relaxation at the temperature of 200°C, 
the stress relaxation is greater than that at the 
temperatures of 250 and 300°C (see Fig. 5). 

In Figs 6 — 9 are represented curves of tempera- 
ture dependence of relaxation stresses for various 
durations of relaxation: 100, 1000, 10,000 and 
90,000 sec (25 hr) for the pure aluminium and for 
aluminium alloys with magnesium. In the graphs , 
values of the stress ratio o/go are plotted on the 
ordinates axis and the test temperatures are plot- 
ted as abscissae. The point plots on the curves 


represent average values from tests in which 
several relaxation diagrams were determined under 


the same test conditions. 

In Fig. 6 are shown curves representing the 
temperature dependence of relaxation stresses for 
a 100 sec period after the application of load. 

In pure aluminium, the relaxation is so rapid that 
at temperatures of 200 - 250°C, all the stresses 
are relieved almost instantenously. In an alloy, 
containing 0.12 per cent of magnesium, the relaxa- 
tion of stresses is much slower than in pure alumi- 
nium, and in alloys with higher magnesium contents 
the relaxation is practically absent. With increas- 
ing duration, the relaxation of stresses increases 
only insignificantly in the case of pure aluminium, 
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FIG. .8 Dependence of stress relaxation on tem- 

perature for relaxation period of 10,000 sec. 

1. Pure aluminium; 2. Alloy of aluminium with 

0.12 per cent of magnesium; 3. Alloy of alumi- 

nium with 1.04 per cent of magnesium; 4. Alloy 
of aluminium with 1.85 per cent of magnesium. 
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FIG.9 Dependence of stress relaxation on tem- 

perature for relaxation period of 90,000 sec. 

1. Pure aluminium; 2. Alloy of aluminium with 

0.12 per cent of magnesium; 3. Alloy of aluminium 

with 1.04 per cent of magnesium; 4. Alloy of 
aluminium with 1.85 per cent of magnesium. 


and stays at a constant level at all temperatures, 
whereas in alloys with a high magnesium content, 
for instance in the case of an alloy contain 1.85: 
per cent of magnesium, there is practically no 
relaxation occurring at low temperatures and a 
rapid increase in it is observed at high tempera- 
tures. 


With an increase in the period of relaxation, the 
dependence of relaxation on temperature becomes 
very apparent. It can be seen clearly in alloys 
with 1.04 and 1.84 per cent magnesium contents, 
in the temperature interval of 100 - 200°C and with 
relaxation duration periods of 1000, 10,000 and 
90,000 sec (Figs. 7 - 9). 


EVALUATION OF RESULTS 


The results obtained in the present series of 
investigations showed tliat in aluminium - magne- 
sium alloys, at all concentrations studied and under 
the conditions prevailing during the tests, the 
observed degree of stress relaxation was less than 
that found for pure aluminium. Since it was esta- 
blished in previous investigations that in the type 
of alloys under consideration, the ineratomic at- 
traction forces of the crystalline lattice are inde- 
pendent of the solid solution [1, 2], it becomes 
clear that the increase in resistance to relaxation 
of aluminium - magnesium alloys is not connected 
with an increase in the forces binding the crystal- 
line lattice. 

The presence of static crystalline lattice deforma- 
tions, which increases the effectiveness of the in- 
teratomic attraction force utilization [4], the in- 
crease in recrystallization temperature detected 
in previous investigations and, also, the complex 
nature of the basic diffusion, process [3], can 
clearly be regarded as being some of the main 
factors responsible for increasing the relaxation 
resistance of aluminium - magnesium alloys in 
comparison with that shown by pure aluminium. 

Furthermore, it is also clear that an important 
role is played by the diffusion processes. The 
pattern of the dependence of stress relaxation on 
both the temperature and time is very simple for 
pure aluminium. The relaxation of stresses in- 
creases monotonously with increasing temperature 
and duration of test. The process of stress relaxa- 
tion, is, however, considerably more complex in 
the case of alloys. There is observed an anomalous 
dependence of stress relaxation as a function of 
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temperature. Its basis lies in that the stress relaxa- 
tion decreases with temperature in a certain tem- 
perature interval. This points to the fact that 

some kind of magnesium atom diffusion process 
occurs during the time of stress relaxation. 

In many cases, during tle period of relaxation, 
there is noted an increase in the acting stresses as 
a function of time, the stresses reaching on some 
occasions even the value of the originally applied 
stress. This can be taken as an indication of the 
diffusion processes being accompanied by a reduc- 
tion in the volume of the test specimens. 

\ reduction in the test specimen volume can be 
brouglit about in consequence of solid solution 
decomposition. Such a possibility is not fully ex- 
cluded in our present case. ilowever, in consider- 
ing the experimentally observed pattern of beha- 
viour it is necessary to take into consideration 
the fact that all the alloys studied had a magnesium 
concentration that was lower than the maximum 
magnesium Solubility in aluminium for the whole 
of the temperature range investigated. During tle 
tests, both the stresses and deformation were too 
small to cause essential change in the solubility 
with resultant decomposition of the solid solution. 


On the other hand, the process of magnesium 
re-distribution can, on its own, lead to a reduc- 
tion in volume. With the setting in of diffusion, the 
atoms of magnesium will migrate towards deforma- 
tions and defects in the crystal lattice, and to 
dislocations about which big tensile stresses are 
created as a result of overstressing, and in this 
way the lattice parameter is increased. In the 
process, the remaining part of the lattice volume 
will become poorer in atoms, the lattice parameter 
will be reduced and, consequently, the volume of 
test specimen will diminish. 

In consequence of the above process, the relaxa- 
tion of peak stresses will take place at points of 
lattice deformation and the extent of overstres- 
sing in the vicinity of such points will diminish; 
the stresses will be distributed more uniformly 
over the volume of the material. The resulting 
non-uniform distribution of magnesium in the 
volume of solid solution will complicate the nature 
of the diffusion process and lower the intensity of 
diffusion plasticity. 


At high temperatures, owing to an intense thermal 
motion of atoms, which tends to level up the solid 
solution concentration over the whole of its volume, 
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the progress of incipient diffusion will be arrested 
and the magnesium atoms accumulated around the 
crystal defects and dislocations will become un- 
stable and will get dispersed. 


For such reasons, a rapid softening of the alloy 
is observed at higher temperatures. Turning to 
Figs. 8 and 9 we see that two temperature inter- 
vals are observed with strongly different relaxa- 
tion speeds. For instance, in the case of alloys 
containing 1.04 and 1.85 per cent magnesium there 
is practically no stress relaxation in the tempera- 
ture region up to 200°C. The greatest relaxation 
in this temperature region amounts to only about 
10 per cent if the temperature is increased, how- 
ever, by as much as 50°C only, i.e. at 250°C, 
the relaxation of stresses increases rapidly and 
reaches 50 — 60 per cent of the initially applied 
stress. 


CONCLUSIONS 


(1) It was found that aluminium - magnesium 
alloys possess an increased resistance to relaxa- 
tion in comparison with that of pure aluminium. 


(2) The increase in resistance to relaxation is 
connected not with an increase in the forces of 
interatomic attraction, but with an increase in the 
effectiveness of interatomic attraction forces 
utilization. The increase in the effectiveness of 
interatomic forces utilization is brought about on 
account of two factors. Firstly, with an increasing 
number of deformations, the distribution of internal 
stresses becomes more uniform over the crystal 
volume; and, secondly, during diffusion processes 
there sets in a relaxation of stresses in the vicini- 
ty of crystalline lattice defects with consequent 
reduction in overstressing near such defects. 


(3) The magnesiumatoms diffusion distribution 
processes in the volume of solid solution, which 
occur in alloys under load, are accompanied by a 
reduction in the test specimen volume. This re- 
distribution of magnesium atoms is, clearly, caused 
py their diffusion to deformation points in the 
crystalline lattice, in the vicinity of which over- 
stressing is created by application of external 
stresses. Tle non-uniform distribution of admix- 
ture atoms over the volume of solid solution, which 
is the result of the apove factors, leads to a com- 
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plication in the nature of diffusion and lowers the 
diffusion plasticity. 

(4) At high temperatures and under conditions 
of high thermal excitation when a directional dif- 
fusion of magnesium atoms is very unlikely, there 
is observed a rapid stress relief. 


Translated by tl. Cygielski 
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INVESTIGATION OF THE DEFORMATION OF METALS UNDER SMALL STRESSES 
ON SOME REGULARITIES OF CREEP IN COPPER AND ALUMINIUM * 
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M.V. Lomonosov State University, Moscow 
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In the first part of this paper the results are given of an investigation of the process of 
creep in copper and aluminium wire under different conditions of deformation; the effect of 
the microstructure (average grain size) of the metal and of the temperature is determined. 


1.It las been established by P.A. Rebinder, 
V.I. Likhtman and their co-workers [1 — 4] in the 
investigation of the physico-chemical processes 
which take place when metal single crystals suf- 
fer deformation in active and inactive media, as 
well as by later foreign investigators [5, 6] that 
the adsorption of surface active materials leads 
to a decrease in the deformation and breakdown of 
a solid body. This effect of the adsorption de- 
crease in strength which is manifested in metals 
by a considerable easing of the plastic flow, de- 


pends on the properties of the metal, the conditions 
of deformation, the character of the medium in 
which the process is taking place and also on the 


temperature. 

The effect of adsorption in easing the plastic 
deformation of the metal in an active medium is 
also seen in polycrystalline metals [7,8]. The 
investigations were carried out on specimens which 
liad been prepared from non-ferrous metals at 
small constant stress, near the yield point, that 
is, under conditions of creep. The nature of the 
creep process is essentially one that varies with 
the different conditions of testing. Accordingly 
we first of all investigated the regularities of 
creep of some of the non-ferrous metals in rela- 
tion to the conditions of deformation, the micros- 
tructure of the specimens and the temperature at 
which they were tested. 

The investigations were carried out by uniaxial 
stretching under small constant stresses. This 
method possesses the advantage that at constant 
stress, the progress of the deformation for the 
given conditions, depends only on the nature of 
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the specimen itself, and this makes possible the 

determination of all the basic mechanical charac- 
teristics of the deformation of the metal and their 
variation under the different conditions of testing. 

Polycrystalline copper and aluminium were used 
for the investigation. The tests were carried out 
with specimens which had been prepared from 
copper wire of diameter 0.50 mm, from electrolytic 
copper containing 99.98% Cu, and from aluminium 
wire of diameter 1.0 mm. By suitable thermal work- 
ing, polycrystalline specimens of different average 
grain size were obtained : these had an average 
grain size of from 0.20 to 0.005 mm. for copper and 
from 0.22 to 0.06 mm for aluminium. 

The preparation was finished by a preliminary 
deformation of the specimens and by annealling 
in an oxygen-free atmosphere for a duration of 
2 — 3 hr at temperatures from 300 to 850°C for for 
Cu and from 200 to 600°C for Al. Up to ten polished 
sections were prepared from each group of spe- 
cimens of a given annealing treatment and the 
largest diameter of several hundred grains was 
measured microscopically. Distribution curves 
were then drawn of these grain sizes according 
to groups and the average diameter was determin- 
ed by the group having the greatest number of 
grains. This value then characterized the average 
grain size of the samples. 

Before testing, the specimens were pickled and 
carefully rinsed in order to produce a stable oxide 
film of sufficiently small thickness. Controlled 
experiments had made it clear that such pickling 
ensured a good reproducibility of the results. 
Immediately before the specimens were measured 
they were subjected to a preliminary stretching of 
3% of the original length to give them all the same 
initial hardening. 
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FIG. 1. Diagram of the apparatus for stretching 
the wires. : 
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FIG. 2. Dependence of the initial speed of de- 


formation of copper specimens on the stretching 
— 10° sec* 




















Measurement was effected by a special appara- 
tus, a diagram of which is given in Fig. 1. The 
specimen was held in the grips 1 and 2. The lower 
grip is rigidly fixed to the lower part of the ap- 
paratus 3, which is moved by the screw 7 along 4. 
The concentric upper screw has a prism 5 which is 
connected to a dynamometer blade 6. The bending 
of this plate is detected optically by a little mir- 
ror 8. Tle variation in length of the specimen is 
measured by the micrometer screw 9, witli an 
accuracy of 0.01 mm. The use of interchangeable 
dynamometer springs made possible a wide interval 
of load from tenths of a gram up to 10 kg. 

The study of creep of specimens at higher tem- 
peratures was carried out in a cylindrical electric 
furnace installed on the apparatus and surrounding 
the specimen. The temperature was determined by 
a thermocouple with an accuracy of 1°C. 


The curves of flow were taken constantly for 
a given testing stress P. The absolute value of 
the deformation Al =/ —/, was taken from the 
curves of kinetic deformation, and the comparative 
elongation of the specimen 


a 
lines 3 


expresses as percentage, and then the speed of 
relative lengthening was calculated : 


_de 1 dAl 
ee ae 

V.I. Likhtman has developed the simplest theory 
of the creep of metals (9), based on the hypothesis 
that at small stresses, the value of the stress P 
appears as a continuous simple function of the 
value of the deformation ¢, the speed of defor- 
mation ¢ and the time 7; this function can be expres- 
sed in tlhe form of the equation P = Po+ 7 ¢€+ Ae — 
x r where Po is the limit of creep, A the coef-- 
ficient of strengthening, 7 the conventional coef- 
ficient of internal friction (viscosity of creep) and 
x the coefficient of relaxation. 

For the metals we investigated, the relaxation 
process was not completed in the few hours’ 
duration of the test and at approximately room 
temperature, and consequently the stress P will 
be a function only of the value of the deformation 
and of the speed of tle deformation, and will not 
depend on the time P = flee) Then P = Po +Xe 
+né. In the limit, when 7 > 6, € > €0, P = Po + 
néo Further, dP = Ade+n d € and when P= const. 


whence 


c= eof [1 —exp(-21) 1 (b) 


It is clear that the constants of this equation 
can be regarded as really constant only in the finite 
interval wlien the stresses are causing elongation. 
The value of A can be determined from equation 
(a). The values of the limit of creep Po is found 
eraphically by linear extrapolation, from the graph 
de de 


= = F (P) when a 


d ae 
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From our experiments it follows that such a linear 
relationship in the region of small stresses actual- 
ly occurs (Fig. 2) from the expression 


P=Po 


a i) 
(dr)/° 


the conventional plastic viscosity of creep. 
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FIG. 3. Flow curves of a copper wire of dia- 
meter 0.5 mm with average grain size o = 0.08 mm 
for three different stresses. 


In Fig. 3 are shown typical curves of flow ¢ = f 
(r) of a copper wire of 0.5 mm diameter and average 
grain size 0.08 mm taken at three different stres- 
ses. 

From the flow curve (for the initial period of 
deformation up to 30 seconds) were calculated the 
principal constant Po, A, 7 which are character- 
istic of the mechanical properties of a deformed 


metal (Table 1). 


As is seen from the tables the value of 7 does 
not depend on the value of the deforming stress and 
appears as the characteristic plastic viscosity 
during the creep of a metal, which is explained as 
both the flow of the intracrystalline layers along 
the boundaries of the grains, as well as the plastic 
shear inside the individual crystals. The coef- 
ficient of strentghening A varies considerably in 
a given case, and is the result of our use of a 
large range of stress (P — Po varies by 8 times) 
under which conditions constancy of A is no longer 
achieved. 

The strengthening of a metal in the process of 
plastic deformation raises the limit of creep of 
the specimen and also increases the absolute 
value of the elastic part of the general deforma- 
tion, although there is a decrease relative to the 
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plastic deformation, whose magnitude increases 
much more quickly (Table 2). 


In this connexion, determinations were made of 
the variation of the limit of creep Po and of the 
size of the elastic part of the general deformation 
in the specimens which have different values of 
the initial strengthening. The specimens investi- 
gated were stretched by different lengths (1, 2, 3, 
5 and 7%) from the original lengths. The load 
was applied practically instantaneously and like- 
wise removed. 

* © gen. — percentage value of the general 
deformation; 


¢ elas. —percentage value of the elastic 
deformation; 


€ plas. —percentage value of the plastic 
deformation; 

The values of the limit of creep Po and of the 
elastic part of the deformation ¢ elast. are given 
in table 3. 

The increase of the limit of creep of a metal in 
relation to the strengthening, leads to a consider- 
able variation in all the characteristics of the 
specimens deformed by the one and same stress 
but initially stretched to different sizes (see 


Fig. 4, Table 4). 
e (%) 
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FIG. 4. Flow curves of a copper wire (diameter 

0.5 mm and average grain size 6 = 0.08 mm) 

with different values for the initial strengthening 
for the one stress P = 9.75 kg/mm? 


2. It is known that the mechanical properties of 
metals are, to a considerable extent, determined 
by the average grain size. A fine grained metal 
possesses greater strength than the more plastic 
monocrystal. With the object of explaining the 
effect of the dispersion of a metal on its deforma- 
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TARLE 1] Copper *. T = 20°C; average grain size = 0.08 mm. 





P, (kg/mm?) Po, (kg/mm?)| (P — Po) €10"° n 10-™ A 
(kg/mm?) (sec.) (poises) (kg/mm?) 





8.60 1.10 43 2.56 580 
8.60 0.46 2.88 400 
8.60 0.15 3. 2.88 196 




















* In the tables the initial speed of deformation ge is designed €0. 
@ To 


TABLE 2 Copper * P = 9.70 kg/mm?; T = 20°C; average grain size = 0.08 mm. 





Time «elas 100% e plast 100% 
(min.) € zen. € elast. ¢ plast. € gen. € gen. 





0.380 0.0885 0.292 23.3 76.7 
0.410 0.0915 0.318 21.8 78.2 
0.450 0.0941 0.356 20.9 79.1 
0.475 0.0968 0.377 20.4 79.6 
0.515 0.0995 0.416 19.3 80.7 
0.854 0.1130 0.741 13.5 7.5 




















*¢€ gen — percentage vaiue of the general deformation; 
€ elast — percentage value of the elastic deformation; 
¢ plast — percentage value of the plastic deformation; 


TABLE 8 Copper. P = 9.70 kg/mm?; t = 20°C; = 0.08 mm; = 90 mm. 





Percentage 
of 
elongation 
from original 





« elast 0.052 0.074 0.098 0.130 
P,, kg/mm? (1) 4.60 5.70 8.60 9.65 




















TABLE 4 Copper. t = 20°C; 5 = 0.08 mm; P = 9.75 kg/mm?. 





/ ry (P . P,) «tt Uf] 10" 
Stretching (kg/mm?) (kg/mm?) (sec -) (poises ) (kg/mm?) 





4.55 5.20 broke 
7.80 1.95 67 
8.60 2.15 36 
9.10 6! 12 
9.65 0.52 
10.80 did not 


flow 


ivi Who © 
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tion properties we studied the kinetics of the 
deformation of specimens of copper of different 
grain size. By selecting an appropriate method of 
heating, specimens of Cu wire were obtained with 
an average diameter of grain 0.10, 0.08, 0.04, 0.02, 
0.01 and 0.005 mm. The specimens were subjected 
to stretching under a constant stress of P = 9.7 

kg ‘mm?. The values Po, 7 A and A calculated from 
these tests are given in table 5, and a typical 

flow curve in Fig. 5. 

The results obtained show that under the same 
stress the specimens with coarse grain flow with 
a greater speed than do fine grained specimens. 
This explains the subsequent raising of the limit 
of creep with decrease of grain size, which results 
in a lowering of the magnitude of the deforming 
stress (P —Po) and, consequently in a lesser 
velocity of flow. 

For specimens with a grain size of 0.008 mm 
the limit of creep exceeds the size of the applied 
stress and, therefore, such specimens just will 
not flow. The raising of the limit of creep for fine 
grained specimens might be explained by the 
restricting of shear formation which takes place 
in the grains which is related to the individual 
role of the intercrystalline layer surrounding the 
grain. The intercrystalline layers are amorphous 
and at normal temperatures should obviously pos- 
ses a much higher viscosity than that of a grain of 
the metal which has been subjected to formation of 
slip planes. 

The increase in the average grain size of a metal 
also brings about an increase of the elastic part 
of the general deformation (Table 6) which is 
related to the general widening of the elastic 
region in fine grained specimens. 

The coefficient of strengthening and the vis- 
cosity increase considerably with the increase in 
the average grain size of a metal. This is explained, 
as is also raising of the limit of creep, by the dif- 
ficulty of slip formation, that is, by the very low 
plasticity of fine grained specimens. 

Analogous results were obtained for aluminium 
specimens. In Fig. 6 are given the flow curves for 
aluminium specimens of different average grain 
8.50 kg/mm?. 

3. Increase in temperature affects the critical 
plastic deformation of a metal [10]. Specimens 


size under the same stress, P 


with an average grain size of 0.05 and 0.02 mm 
were subjected to constant stress at temperatures 
of 20, 100 and 300°C. The deformation curves for 
such specimens are given in Figs.7 and 8. From 
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these curves were calculated the coefficient of 
strengthening A, the viscosity 7 and the coeffi- 
cient of relation (Tables 7 and 8). 

The data show an abrupt increase of the specd 
of deformation with increase in temperature for 
the same increase in stress. This happens at the 
expense of the effect of the relaxation which 
arises when the temperature is raised and in the 
course of which the original properties of the metal 
are restored and the limit of creep and the strength- 
ening coefficient A are lowered. As a result of 
lowering the limit of creep, the value of the de- 
formation stress P — Po increases and the speci- 
men flows with great speed. 


When the curves of flow of fine and coarse 
grained specimens which have been deformed under 


the same conditions are compared it is to be 
noticed that, with increase of temperature in fine 
grained specimens the viscosity diminishes more 
abruptly (say 8 — 6 times) than in coarse grained 
specimens (say 3 times), and ata temperature of 
300°C, the value of the limits of creep in this and 
in another case remain practically the same. This 
is because the viscosity of the intercrystalline 
layers at normal temperatures exceeds the viscosi- 
ty of the crystals. The rise in temperature leads 
to a markedly quicker lowering of the viscosity of 
the layer in comparison with the viscosity of the 
grain and this facilitates slip formation in the 
grains of a polycrystalline specimen in the process 
of deformation. The latter case leads to a lowering 
of the limft of creep with increase of temperature. 


To discover the character of the plastic flow 
of a metal with different dispersion for a rise in 
temperature, curves were made of the creep of 
copper at a temperature of 300°C for three dif- 
ferent stresses. The results are presented in 


Table 9. 


It is evident from Table 9 that for low stresses 
which do not much exceed the limits of creep, 
finely crystalline specimens flow with a greater 
velocity than coarse grained, just as at such a 
stress, the plastic deformation of fine grained 
specimens is brought about, basically at the ex- 
pense of viscous flow which is more developed in 
its intercrystalline layers, the viscosity of which 
is lowered by a rise of temperature. Because of 
this it is probable that the slip formation in finely 
crystalline specimens is obstructed more than in 
coarsely crystalline specimens. 

An increase in the deforming stress generally 
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TABLE 5 Copper. P= 9.70 kg/mm?; T = 20°C 





Py 
(k g/mm?) 


r «# 
(kg/mm?) 


€0-10° 


(sec-') 


9.20" 
(poises) 


A 
(kg/mm?) 








8.40 
8.65 
8.65 
9.60 
9.85 


1.30 
1.05 
0.20 
0.10 





broke 
36 

0.53 

0.18 








2.94 
37.8- 
55.8 


no flow 

























































































15 20 40 60 80 100 510 530 550 7, min 


FIG. 5. Flow curves of a copper ygwire with dif- 
ferent values of grain for the same stress size. 
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9.70 kg/mm’. 
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FIG. 6. Flow curves of aluminium specimens of 
different grain size for the same stress P = 8.50 


kg/mm?. 
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TABLE 6. Copper. P = 9.70 kg/mm’; T = 20°C. 





Grain 


size 


€ gen. 


« elast. 


« elast. 100% 


«gen. 





0.10 
0.08 
0.02 
0.0] 
0.005 





broke 
0.850 
0.213 
0.118 
0.095 








13.4 
48.3 
91.5 
100.0 





TABLE 7 Copper. P = 8.70 kg/mm?; 


average grain size = 0.08 mm. 





P, 


(kg/mm?) 


(P—Po) 
(kg/mm?) 


€o105 
(sec-') 


nl0-*° 


(poises) 


(kg/mm?) 


r 


x 


(g anit? sec) 








3.00 
0.80 
0.10 











0.91 
1.77 


2.70 








115 
515 


600 








20.5 
4.8 





TABLE 8. Copper. P = 8.70 kg/mm?; = 0.02 mm. 





| 
| 
| 
| 


(P — Pg) 


(kg/mm?) 


€o1 0° 


(sec-) 


7107"? 


(poises) 


r 


(kg/mm?) 


»¢ 


(g mni? sec-*) 





3.05 
1.05 


95 


620 
1150 


32.9 
0 





TABLE 9 


Copper.T = 300°C 





Grain 


Pp 


size Gam} (kg/mm?) 


P 
(kg/mm?) 


(P—-P,) 


(kg/mm?) 


€o105 
(sec!) 


710-** 


(poises) 


r 
(kg/mm?) 


/ 


) 
(g mni? sec-') 





0.08 
0.02 


0.08 
0.02 


0.08 
0.02 


T 


| 
| 


&.70 


| 2.70 
| 





3.70 


5.65 





0.17 


0.22 


0.95 
1.00 


3.00 
3.05 





0.66 
1.2 


10 











2.40 
&.66 


1.76 
0.760 


20.5 
32.9 
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FIG. 7. Flow curves for coarse yrained copper 
specimens (with grain size 0.08 mm) at tem- 
peratures of 20. 100 and 300°C 
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FIG. 8. Flow curves of fine grained copper 
specimens (with grain size 0.02 mm) at tem- 
peratures of 20, 100 and 300°C 
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increases the speed of flow and leads to slip 
formation of the grains themselves which exceeds 
the possible amount of deformation at the expense 
of the flow of the intercrystalline layer. Therefore, 
at high stresses, coarse grained specimens flow 
many times more quickly than fine grained (Table 
9). 

Further increase of stress causes intensive slip 
formation in the grains in both coarse and fine 
grained specimens, which gives a temperature of 
testing of 300°C, an approximate value of the speed 
of deformation, independently of the dispersion of 
the specimen 

The authors offer their deepest thanks to aca- 
demician P.A. Rebinder, and to V_I. Likhtman 
for valuable advice and ivelp in this work. 


CONCLUSIONS 


1. Plastic flow (creep) of polycrystalline copper 
and aluminium wires has been investigated at small 
constant stretching stresses near the flow limit. 

2. On the basis of the theory of creep of 


Likhtman, values were obtained for Cu and Al of 
the characteristic properties of the metal — limit 


of cree p Po, viscosity 7 and strengthening coef- 
ficient A for different conditions of deformation 
and preliminary strengthening of the specimens. 

3. It has been demonstrated that the mechaarcal 
properties of polycrystalline Cu and \] depend on 
the average grain size of the metal. The limit of 


creep increases with increase of average grain 
size as do the viscosity and the strengthening 
coefficient and also the value of the elastic part 
of the deformation 

4. The effect of temperature on the kinetics 
of the plastic deformation of the metal has been 


studied. With increase of temperature there 
arises an intense relaxation process in the de- 
formed specimen as a result of which the viscosi- 
ty, the limit of flow and the strengthening coef- 
ficient are lowered. In the process of creep of a 
metal, besides the slip deformations within the 
individual grains, viscous flow also takes place 
in the intercrystalline layers. Vith rise in tem- 
perature the role of plastic flow in the creep 
process of a metal increases 
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MECHANISM OF PLASTIC DEFORMATION, AND MECHANICAL 
PROPERTIES, OF ALUMINIUM — 1 
STUDY OF THE MECHANISM OF PLASTIC DEFORMATION OF ALUMINIUM 


BY MARKS ARISING ON ITS SURFACE DURING EXTENSION * 
E.A. IAKOVLEVA 
Institute of Metal Physics of the Urals Branch of the Academy of Sciences, U.S.S.R. 
(Received 28 June 1956) 


It is known that during the plastic deformation 
of metal there arises a disturbance of its normal 
network structure. By far the most complete pic- 
ture of this disturbance in the structure of defor- 
med metals is obtained by X-ray methods of in- 
vestigation. i3y these investigations it is shown 


that during deformation in the grains disorientated 


areas arise, i.e. blocks, elastically deformed by 

various means []]. The structure of the crystal- 
lographic planes of the grains is disturbed by de- 
formation [2]. 

For the study of these disturbances, exhibited 
by deformation in monocrystals or large-grained 
polycrystals, the Laue method is much the most 
suitable. By the method an estimate is made of 
the disturbances of grain-structure according to 
the change of shape and position of reflected 
spots. In plastic deformation the spots take on 


a radial diffusion, and in boundaries of contiguous 


grains there exists a transitional layer of metal 
whose grid is distorted [3]. The properties of 
this layer differ from the properties of similar 
grains [4]. With variation in the conditions of 
straining the properties of the grain and of its 
boundaries vary in different fashion [5]. 

The mechanism of the deformation of poly- 
crystals has been studied with the greatest pos- 
sible thoroughness in aluminium. It has been 
established, that the mechanism of deformation 
of polycrystalline aluminium varies with differ- 
ent conditions of strain. The deformation in 
areas of low temperature and of high test speed 
proceeds advantageously by means of sliding 
along the slip planes. In areas of high tempera- 
ture and low test speeds, deformation along the 
grain boundaries seems to predominate [6 ]. 

The investigations mentioned have, neverthe- 
less, this drawback, that the majority of them 
were conducted with a comparatively narrow 
temperature range and speed of straining, on 
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materials of different grades of purity and with- 
out a simultaneous determination of the mecha- 
nical properties of the metal. This makes it 
difficult to set up a clear picture of the circum- 
stances of the transition from the displacement 
mechanism of deformation to the atomic-diffusion 
mechanism, and also hinders us from making an 
adequate estimate of the role of the mechanism 
of plastic deformation in forming the mechanical 
properties of aluminium. Our work was under- 
taken with a view to investigating the mechanisin 
of plastic deformation of polycrystalline alumi- 
nium over a wide.range of temperatures and 


speeds of extension. 


MATERIAL AND METHOD OF 
INVESTIGATION 


Aluminium of type ABOOO was studied, con- 
taining 0.0014 per cent of silicon, 0.001 per cent 
of copper, 0.001 per cent of iron and traces of 
zinc, magnesium and manganese. Straining was 
carried out at temperature of -196, 18 and 250°C 

Speeds of deformation at each temperature were 
7.3 x 10‘, 73 and 2.3 per cent/hr. In addition to 
this, tests on creep were carried out at a tempera- 
ture of 250°C with speeds of 0,1 and 4 x 10°? per 
cent/hr. Tests took place on a machine for 
stretching fine wire [7] and on a special device 
for studying creep in very sma#l samples. Test- 
pieces were in the form of wire of diameter 1,.7— 
2.0 mm, and a designed length of 31 mm. For 
the tests all the pieces were annealed to obtain 
uniform size of grain. The average linear dimen- 
sion of grain was 0.1 mm. After annealing the 
surface of the pieces underwent electro polish- 
ing in an electrolyte, consisting of two parts of 
nitric acid and one part of methyl alcohol. ‘ith 
electro-polishing the grain boundaries were 
shown up in fine black lines. The character and 
distribution of deformation was studied by marks 
arising on the surface of the strained items. 
Study was conducted in white light with the help 
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of a Linnik micro-interferometer of type MII - 1 
with a magnification of x 320. The displacement 
of interference bands made it possible to deter- 
mine the value of the vertical component of de- 
formation, localized in a deformation markings. 


The most typical pictures of deformation markings 


were photographed. Measurement was carried 
out on these photographs of distance a between 
slip marks, of the value of the vertical compo- 
nent b at the slip marks and of deformation V’ 
along the grain boundaries. The values of a, b 
and J’ varied greatly within the limits of each 
grain. \leasurement was carried out on the 
coarsest possible deformation marks because 
the relationship of the value of a, b and V (set 
out below) to the conditions of deformation 
appears only as qualitative characteristics of 
deformation markings. The study of the defor- 
mation markings was carried out at extensions 
of 2 and 18 per cent. Only test-pieces with 
deformation up to 2 per cent were studied in 
conditions of creep. 


RESULTS OF EXPERIMENTS 


The study of the deformation markings on th 
pieces of aluminium, elongated by 2 per cent 
showed that the character and variation of the 
deformation markings change with variation in 


the conditions of straining. 


FIG.1. Temperature -196°C. Speed 2.3 per cent/hr. 


FIG.2. Temperature +18°C. Speed 2.3 per cent/hr. 


At low temperatures the deformation markings 
have the appearance of a dense network of fine, 
straight-line slip marks, uniformly distributed 
in the metal grain (Fig.1). This character and 
distribution of slip marks appears typical for 
the displacement mechanism of plastic defor- 
mation. The greater the rate of deformation, the 
finer and denser is the grid of slip marks thus 
produced. 

With temperatures increased to 18°C the uni- 
formity of distribution of slip marks becomes 
less. Tie distance between the marks and the 
amount of displacement in the slip marks in- 
creases. The displacement in the slip marks 
becomes less uniformly distributed, it decreases 
in measure as it approaches the grain boundaries 
(Fig.2). The lower the speed of test, the more 
obvious do these changes become. 





FIG.3. Temperature +250°C. Speed 7.3 x 10° 
per cent/hr. 
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FIG.4. Temperature +250°C. Speed 2.2 per cent/hr. 


\t the greatest increase in temperature to 250°C 
a slip mark loses its straight line quality and 
becomes interrupted. The distance between the 
marks and the amount of displacement, localized 
in the slip mark, increases (Fig.3). A decrease 
in the speed of test acts in the same direction as 
an increase in temperature. With speeds of 2.3 per 
cent/hr there are practically no slip marks in the 
grains, on the other hand considerable deforma- 
tion takes place along the grain boundaries 
(Fig.4). The mechanism whereby the deformation 
of metal proceeds without the formation of slip 
marks, and is localized along the grain boundaries, 
is commonly called atomic diffusion. ‘Vith the 
greatest decrease in the speed of extension the 
localization of deformation along the boundaries 
increases. At very low speeds of straining, (4 x 
1073 per cent/hr) recrystallization and breakdown 
of individual grains into blocks seem to occur 


(Fig.6). 


FIG.5. The same as in Fig.4 with interference 
bands. 


FIG.6. Temperature +250°C. Speed 4 x 10° 


per cent/hr. 


The relationship of distance a between slip 
marks, the amount of displacement 6 in the slip 
marks and of deformation V along the grain boun- 
daries, to the temperature and speed of extension, 
are shown in Figs. 7 and 8. 
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FIG.7. Relationship of distance a between slip 
marks to temperature. 


].- Speed 7.3 x 10 per cent/hr. 
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FIG.8. Relationship of deformation V along grain 
boundaries to speed of elongation at 250°C. 

] - Deformation 2 per cent. 

2 - Deformation 18 per cent. 


Vith a large degree of deformation, i.e. 17 — 
18 per cent the regularity of the variation in the 
deformation marks with the temperature and speed 
of elongation is the same as with a deformation 
of 2 per cent. The difference lies only in this, 
that under all conditions of extension the defor- 
mation bears a less uniform character. At -196°C 
the non-uniformity of deformation is particularly 
strongly brought out for high speeds of elongation. 
In individual grains there appear, side by side 
with fine slip marks, large elongated areas, in 
which deformation proceeds in a different manner 
from its surroundings (Figs. 9 and 10). These 
are the so-called deformation bands. At 18°C FIG. 11. Temperature + 18°C, Speed 2.3 per cent/hr. 


sharp localization of deformation takes place in 

individual slip bands(Figs. 1] and 12). Displace- along the grain boundaries, particularly strongly 

ment at such slip marks attains 0,3 p. At 250°C at low speeds of extension. Furthermore, slip 

deformation proceeds to a significant extent marks do not arise within the grain, but the whole 
grain becomes corrugated (Fig.13). At speeds of 
0.1 per cent/hr it has already been noted that the 


grain breaks down into blocks (Fig. 14). 


FIG.9. Temperature -196°C. Speed 7.3 x 10* 
per cent /hr. FIG.12. As in Fig.1] with interference bands. 
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FIG.14. Temperature + 250°C. Speed 0.1 per cent/hr. 


CONSIDERATION OF RESULTS 


The regular order thus obtained of the varia- 
tion of displacement deformation with the tem- 
perature and speed of elongation is acceptable, 
if one takes into account that the deformation 
in actual crystals proceeds irregularly in the 
body of the grain. It occurs in places where the 
structure of the grid is heterogeneous, near 
which an appreciable concentration of stress 
develops [8]. This fact, that at low temperatures 
and high speeds of elongation displacement pro- 
ceeds along a great number of slip planes and 
generally has an identical size at each mark, 
makes it evident that the grain of aluminium 
consists largely of a heterogeneous structure 
of a consistent and equally distributed type. 
Nevertheless the possibility is not excluded 
that such a picture is also affected by appreci- 


able distortion of the grid, which arises where 
deformation is in areas which are contiguous with 
the active slip planes, and which prevents the 
development of displacement deformation in them. 

Increase of temperature to 18°C raises the in- 
tensity of the thermal movement of atoms, which 
somewhat diminishes their cohesive force. 
Furthermore, the fluctuations of thermal movement 
create areas in the grid in which the development 
of displacement is small [9]. This makes defor- 
mation less equally distributed in the metal grain. 
Some increase in the width of slip marks in com- 
parison with the width which was observed at 
- 196°C becomes apparent, in conjunction with a 
lessening of distortion and a greatly intensified 
movement at 18°C of the rest zone adjacent to the 
slip marks. 

“ith the increase in temperature to 250°C the 
amount of fluctuation rises somewhat, so that the 
straight-line spread of displacement is made diffi- 
cult. Displacement diminishes to scale, and 
the mechanism of deformation approaches to 
atomic diffusion. The resistance to displacement 
of the disorted layer lying between and along the 
boundaries of the grains falls more rapidly, with 
the rise of temperature, than the resistance of the 


strong body of the grain, because deformation is 
to a considerable extent localized along the 
boundaries, where it proceeds by means of dif- 


fusion. 

Lessening of the speed of elongation influences 
the mechanism of deformation in the same direction 
as increasing of the temperature. Vanifestly, this 
is linked with the fact that the role of thermal 
movement and rest increases with an increase in 
the length of extension. 

The break down of the grains into blocks, 
revealed at high temperatures and low speeds 
of elongation, seems to be the result of the poly- 
gonization of the grains under load and will be 
dealt with in detail in part two of our investigation. 


CONCLUSIONS 


(1) In this work it is shown, that the mechanism 
of plastic deformation of aluminium changes with 
the varying conditions of straining, Increase of 
temperature and decrease of speed of test influence 
the mechanism of deformation in one and the same 
direction. Waking use of a wide range of speeds 
of elongation from 7.3 x 10* to 4.0 x 10°? per cent/ 
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hr made it possible to follow the transition from 

the displacement to the atomic diffusion mecha- 
nism of deformation at one and the same tempera- 
ture, roughly 250°C. It has been established that 
this transition is achieved gradually, by means 

of a decreasing extent of displacement along the 
slip planes and an increase of deformation loca- 
lized along the grain boundaries. At the lowest 
possible speeds of extension deformation is accom- 
panied by the breakdown of individual grains 


into large blocks. 


(2) The observed dependence of the mechanism 
of plastic deformation on the conditions of strain- 
ing is in significant measure determined by the 
quantity and character of distortion of the grid, 
which exists in aluminium until deformation,and 
also with the appearance and disappearance of 
distortion in the process of the same deforming 


action. 
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MECHANISM OF PLASTIC DEFORMATION AND OF THE 
MECHANICAL PROPERTIES OF ALUMINIUM - II 
FORMATION OF BLOCKS IN THE GRAIN OF ALUMINIUM 
DURING PLASTIC DEFORMATION* 

E.S. IAKOVLEVA 
Institute of Metal Physics of Urals Branch of the Academy of Sciences, U.S.S.R. 


The mechanism of the plastic deformation of the 
monocrystals of pure metals has already been 
studied to a notable extent. The principle crys- 
tallographic elements and the regularity of the 
mechanism of deformation of various metals has 
been established by a series of investigations, set 
out in a number of papers devoted to the structure 
and plastic deformation of metals [1]. The mecha- 
nism of the deformation of polycrystals is more com- 
plicated than that of monocrystals and has been less 
fully studied. The complication arises from the inter- 
action which exists in a polycrystal along the grain 
boundaries. In items under stress,interaction along 
the boundaries leads to the creation of a gradient 
strain in the grains, which increases the hetero- 
geneity of the distribution of deformation in the size 
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of the metal grain [2]. Furthermore, the number 
of reflected spots varies, and they group together 
in separate textural maxima. 

For a long time the radial asterism of the spots 
was insufficiently explained. In works of recent 
years it has been shown, that radial asterism of 
spots is caused py disorientated areas arising in 
crystals [3]. The size of these areas in ordinary 
conditions of strain is so small, and their numbers 
so large, that their reflections overlap, hence the 
radial diffusion of the Laue spots has a continuous 
character. \t high temperature and low speeds of 
straining asterism becomes interrupted in conjunctio 
with the large size of the devcloping blocks. 

In our work the Laue method was used for studying 
the size and order of disorientation of the blocks 
which occur in aluminium during its deformation, in 
areas of different temperatures and speeds of elon- 
gation. lor this same purpose metallographic 
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cent/hr not only does the textural maxima become 


methods of investigating aluminium by polarized 
continuous, but so also does the radial asterism 


light were also applied. 

This method relies on the capacity of an oxide 
film to rotate the polarization plane through angles 
which depend on the orientation of the substance 
beneath. If such a film is built up on the surface of 
a grain, the differently orientated ‘areas on it are 
seen by polarized light as areas of varying degrees 
of darkness. The accuracy of the polarization 
method is not great; it does not exceed 0.5-1.0° 
[4]. 

In the early stages of deformation, when the dis- 
orientation of the blocks is small, this method is 
not applied. 

Research was carried out on aluminium type 
ABOOO, the composition and method of treat- 
ment of which was given in the first part of our 
investigation. Deformation was carried out at 
-196 + 18 and + 250°C. The speed of elongation 
was varied at all temperatures from 7.3 x 10‘ to 

2.3 per cent/hr. At a temperature of 250°C, 
furthermore, an investigation of creep was made 
with a speed of elongation of 0.! per cent/hr and 
4x 10° per cent/hr. 


RESULTS OF TESTS 


The X-ray investigation was carried out with un- 
filtered molybdenum radiation. The test pieces 
were set up with axis perpendicular to the beam 
and parallel to the vertical rib of the adapter. For 
the more detailed study of the diffusion of the Laue 
spots the X-ray films were examined and photo- 
graphed with a sevenfold enlargement. The photo- 
graphs included in this article were made at one and 
the same part of the surface film with different X-ray 
exposures. Test pieces elongated by 2 - 18 per cent 
were investigated. 

Laue pictures obtained from pieces elongated by 
18 per cent at -196 and + 18°C, and at all speeds of 
elongation, differed little one from another. The 
reflection spots of the separate grains did not appear 
on them, as they were merged with several textural 
maxima, having a large degree of continuous radial 


diffusion (Fig. 1). 


The X-ray records obtained of these pieces, defor- 


med at 250°C with high speeds of elongation, exhi- 
bited the same character. At low speeds, about 
2.3 per cent/hr and less, the textural maxima have 
an intermittent intensity or appear as a group of 
separate reflection spots. \t a speed of 0.1 per 


(Fig. 2). 


FIG.1. Laue-picture of aluminium, elongated by 
18 per cent in various conditions of deformation 
Temperature -196°C, speed 7,4x 10* per cent/hr. 


FIG.% Laue-picture of aluminium, elongated by 
18 per cent in various conditions of deformation 


Temperature 250°C, speed 0.1 per cent/hr. 


With pieces deformed by 2 per cent the Laue- 
pictures varied for all conditions of elongation. The 
difference was inferred by unequal degrees of tex- 
ture exhibited and by the quantity and character of 
radial diffusion. 
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FIG.3. Relationship of the overall angle of the 
disorientation of blocks to the speed of elon- 
gation of aluminium (elongated 2 per cent). 

1. Temperature of elongation -196°C 

2. Temperature of elongation+ 18°C 

3. Temperature of elongation +250°C 
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The angle of disorientation of the blocks was 
determined by X-rays according to the value of the 
greatest degree of radial diffusion of the spots con- 
stituting the first Debye ring. In Fig.3 is shown 
the relationship of the angle of disorientation of 
the blocks to the rate of deformation for three tem- 
peratures of test. It is evident from this diagram, 
that for all temperatures the angle of disorientation 
of the blocks decreases with a fall in the speed of 
elongation. The variation of this angle is most 
marked in the case of elongation at 250°C. Its 
value is nil, if the speed of test is 4x 10°° per 


cent/hr* 


ait. 


ca | 


FIG.4. Laue-picture of aluminium, elongated by 
2 per cent in various conditions of deformation. 
Temperature 18°C, speed 2.3 per cent/hr. 
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FIG.5. Laue-picture of aluminium, elongated by 
2 per cent in various conditions of deformation. 
Temperature 250°C, speed 4x 107° per cent /hr. 


In Fig.4 is shown a photograph of the Laue spots 
of a test piece deformed by 2 per cent at a tempera- 
ture of 18°C and a speed of 2.3 per cent/hr. There 
is continuous radial asterism in these spots. In 
Fig.5 is shown a photograph of the Laue spots of a 
test-piece deformed by 2 per cent at 250°C and a 
speed of 4x 107° per cent/hr. There is no continuous 





* The point corresponding to elongation at 250°C at the 
greatest possible speed, is obviously high up, since 
it was determined not at 2 per cent but at 3.6 per cent 
elongation. 
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radial asterism of the spots on this picture, but some 
spots appear to be duplicated, which is evidence of 
the formation of large blocks in individual grains. 
A test piece, deformed under the same conditions to 
the least degree of elongation (to 1 per cent), is 
manifestly much textured, and each spot on the Laue 
X-ray picture is broken down in a radial direction into 
two or three clear smaller ones (Fig.6). An X-ray of 
this type is an indication of rotation and break-down 
into blocks of very much larger areas of the grain of 
the piece, than takes place with an elongation of 
2 per cent. 

In Fig.7 there is a phatograph, for comparison, of 
the Laue spots of undeformed aluminium. 


FIG.6. Laue-picture of aluminium, elongated by 
1 per cent at 250°C, with speed 4x 10™ per cent/ 


FIG.7. Laue-picture of undeformed aluminium. 


On the basis of the foregoing X-ray investigation 
it follows that plastic deformation, proceeding 
under various conditions of elongation, leads to 
non-uniform disturbance of the structure of the 
grains of aluminium. Under all conditions of defor- 
mation the grains are broken down into blocks which 
are to a small extent disorientated relative to each 
other. Nevertheless at low and room temperatures 
the size of the blocks decreases with the growth 
of deformation, reaching at 18 per cent elongation 
dimensions of about 10cm; the degree-of disorien- 
tation of the blocks increases, the grains and the 
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blocks are tilted in such a manner that a polycry- 
stalline object has a strong resemblance to a de- 
formed monocrystal. At a high temperature (250°C) 
deformation proceeds with the development of very 
large blocks, but if the speed of elongation is low 
(of the order of 0,1 -10°° per cent/hr) then, in con- 
junction with aijincrease of the degree of deforma- 
tion in the process of elongation, there is an en- 
largement of the blocks to dimensions approaching 
the size of the grain. The overall disorientation 
of the blocks in such a case is markedly smaller 
than at low test temperatures. The degree of 
definition of texture decreases with the growth of 
blocks in the process of deformation. 

An investigation of block-formation in deformed 
grains, made by the polarization method, showed 
that with 18 per cent elongation at all temperatures 
and speeds of test, disorientated areas developed 
in the grains. The character and dimensions of 
these areas, arising under various conditions of 


Fig.8. Temperature -196°C, speed 7x 4.10~ 
per cent/hr. 


“ry 


Fig.9. Temperature -196°C, speed 2.3 per cent /hr. 


elongation are unequal. At a temperature of -196°C 
and high speeds of elongation,deformed planes 
(Fig.8) appear in the disorientated parts and areas 
of small size, very clearly visible at low speeds 


of elongation (Fig.9). The boundaries of the 


latter blocks are not clear. 

At 18° and at all speeds of elongation the dis- 
orientated areas have a uniform character. They 
do not have clear boundaries since the transition 
of orientation between one area and another pro- 
ceeds smoothly. To all appearances, these areas 
seem to constitute a grouping close to the orien- 
tation of the small blocks (Fig.10). At 250°C the 
shape and dimensions of blocks vary greatly 


FIG.11. 


with speed of elongation. At a speed of 7.4 x 

10* per cent/hr blocks have the form of a ribbon 

of varying width (see Fig.11). At speeds of 74 per 
cent/hr and less the grains are broken down into 
polyhedrons of the same size as at lower speeds 
of elongation (Figs. 12 and 13). The boundaries 
of the blocks have clear contours. Thus, investi- 
gation by means of polarized light confirms the 
findings of X-ray investigation as to the forma- 
tion of large disorientated blocks during deforma- 
tion at high temperatures. Furthermore, they show 
that at other temperatures of deformation there 
also arise in the grains large disorientated areas; 
these latter, however, consist of fine blocks, little 


disorientated. 
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CONSIDERATION OF RESULTS 


The causes of the breakdown of grains into 
blocks and of the growth of their disorientation 
during the process of plastic deformation seems 
to be non-uniform tension which arises in poly- 
crystals through the interaction of the grains 
[3,5]. The degree of non-uniform tension is not 
the same under all conditions of deformation, 
because of its connexion with the unequal size and 
disorientation of the developing blocks. 

At low temperatures and high speeds of elonga- 
tion the grain boundaries are stable, there is no 
relaxation of tension in them and non-uniform 
tension in the grains may reach a significant 
level. Plastic deformation, proceeding through 
the activity of non-uniform tension by means of 
block-formation, must develop in such cases to- 
wards the growth of a great number of blocks 
with little disorientation. Asterism of the Laue 
spots from test pieces, deformed at low tempera- 
tures has, therefore, a continuous character. 

At high temperatures the non-uniform tensions in 
the grains are small, since they have a reduced de- 
formation, which has developed along the grain 
boundaries. The number of blocks developing must 


accordingly be small, furthermore their number 
must decrease and their size increase during the 
process of deformation through the shifting of 
boundaries by the action of an applied vector 
field. Thus the trials showed that under con- 
ditions of flow the size of the developing blocks 
was equal to that of the aluminium grains. 

The mechanism of block formation in grains 
through the action of a field of non-uniform tensions 
is dissipated in the case of the polygonization of 
metals [6]. At the basis of this lies the disordered 
appearance of the grouped dislocations on a regu- 
larly disposed surface (the grain boundaries and 
the shifting of these boundaries through the action 
of a field of tensions [7]). These manifestations 
are probably wide-spread also in the case of block 
formation in the process of deformation. 


CONCLUSIONS 


(1) In plastic deformation in aluminium grain there 
arise disorientated areas. The size and degree of 
disorientation of the areas so developing are un- 
equal, if the conditions of straining of the test- 
pieces are different. At low temperatures these 
areas are weakly formed by disorientated blocks. 
The overall angle of disorientation of the blocks at 
2 per cent elongation does not exceed 1°. With the 
increase of deformation the angle of disorientation 
increase and block size decreases. ‘ith 18 per cent 
elongation, block size reaches a magnitude of about 
10 cm. 

At high temperatures disorientated areas consist 
of small numbers of blocks. The overall angle of 
their disorientation at the commencement of defor- 
mation is smaller than with blocks obtained at low 
temperatures. With the increase of the degree of 
elongation at many speeds of straining, the number 
of blocks in the grains somewhat increases. If 
also deformation proceeds at speeds of about 107° 
per cent/hr, then the quantity of blocks in the grains 
decreases in turn with the growth of deformation, 
and when block size becomes equal to grain size, 
it does not change much. 

(2) The relationship has been established of the 
size and degree of disorientation of blocks to the 
conditions of straining which are dependent on the 
difference in the degree of the non-uniform tensions, 
as they arise in the grains in these cases through 
the intensity of interaction along the boundaries. 
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The determination of the fracture strength of formly [2]. Since the maximum stresses are res- 
plastic metals, in particular of low carbon steel, ponsible for fracture, it is necessary to find the 
appears to be one of the more pressing problems relationship between the maximum and median 
of metallography and the strength of materials. axial stresses in the layer of the test metal. 
The methods which have been used for this — the 3elow is given an account of the calculation 
testing of notched specimens and the rupture of of this relationship. 
smooth surfaces at low temperatures ~have a 
eee ae ener renee nae. THE STRESSED CONDITION OF THE SPECIMEN 

In a specimen with a sharp notch, the zone of 
maximum stress is very narrow, and the determina- The specimen consists of two sturdy cylindrical 
tion of the actual coefficients of concentration parts (diameter 2a) joined together by a circular 
is a very complicated problem. When the usual disk (diameter 2a, thickness 2h) lying between 
smooth specimens of low carbon steel are being them and formed of the metal which is being tested 
tested in liquid nitrogen, the rupture follows a 
considerable plastic deformation of the order 
of some percent. It also remains an open question 
whether temperature has any effect on the value 
of the fracture strength and whether it is possible 
to judge the fracture strength at room temperature 
by results of a test at — 190°C. 

Some years ago one of the authors of this paper 
determined the fracture strength of a low carbon 
steel by using a method which consisted of the 
fracture of a cylindrical specimen of high strength 














steel with a narrow transverse layer of the steel 
which was being tested. In the report, the figures 
cited for the strength were determined as the 
quotient of the division of the load by the area (Fig. 1). From this x = h/a « 1. Since the difference 
of the transverse section of the specimen [1]. But in the coefficient of elasticity of both materials 
subsequent investigations have shown that in such is slight (for steel) at the limit they are taken as 

a specimen, the stresses are not distributed uni- equal Then when extended to the elastic limit, 


FIG. 1 Diagram of the specimen. 
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Te waka uecatlese’ &, Ne 1, 151-100 11987). the specimen is in a condition of uniform uniaxial 


[ Reprint Order No. POM 99 ]. tension. When the yield point is reached material 


of the disk is straight away transformed complete- 
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ly into the plastic condition. With the onset of 
plastic deformation, the stressed condition of the 


disk is no longer under uniform strain and acquires 
a complex three -dimensional character. 

Taking cylindrical coordinates p = d, n =%, 
then z is taken as the median plane of the disk. 


The tangents of stress. 


For dimensionless strain 


3 
6.~ 4, 
Ss 
ie} 
nd ma 5 > t™ 
Gs 
Where os is the yield point on tension (og = 
\? rs); the differential equation of equilibrium 
and the conditions of plasticity of Mizes have the 


form 
1 ot ae (1) 
V3 0 


Ot t y Oo 
bine 3—_=_0 
ear eb ie a 


(c, 02) + (4p — 0) + (a2 —9,)? $22 =2. (3) 


Ls m dere 3 4- 
Op p 





On the lateral surface of the disk which is free 
from stress the limiting conditions should be 


fulfilled 


S| pm = Q, 


T| ml = 0. 


The sum of the stresses oz is equal to extension 


by force P, that is 


(6) 


The relative variation of the volume ¢ and the 
average pressure are related by Hlooke’s Iaw 

«= 3 Ka (kK is the coefficient of compression). 
Interpolating the relative displacement (dimension- 


less) v= Works, 
: ve 


os 
; =Ja— a 
- where vo - 


E 


(v — Poisson’s ration, E = Young’s modulus), we 
bring the last equation into the form 


K (2, + %% + &)s (K=° sel 


Vv 


The remaining relationships of the theory of 
elasto-plastic deformation are written in the form 
Ou ow 


Op a | 6/4 


ip Sz 





Sp — Sep 
eS. .. 2. is a ee 
a“. 0 F) 
: a7 V3 : be, (8) 
Cy — 4, 2 c 
The displacements U, W should be satisfied by 
the limiting conditions when 7 = + x : 


=— pp, (9) 
w=c+¢,0?, (10) 





where c, c, are some of the parameters. 

When c,= 0 these conditions will be exactly 
fulfilled by elastic deformations at the moment 
when the first plastic deformation are started. The 
persistence of these conditions when c, = 0 for 
elasto-plastic deformations of a compound speci- 
men is justified to a known extent by the rigidity 
of the “solid” parts of the specimen. Experi- 
ments have shown, however, that basal layers 
remain flat only to a first approximation. Actual- 
ly, as a result of the high stresses in the middle 
zone of the section, the “solid” part of the speci- 
men is somewhat deformed, so condition (10) 
applies. 

The experiments consisted of the testing under 
compression (between rigid parts) of a thin disk 
of soft iron. To determine the effect of clamping 
on the uniformity of the deformation the tests 
were carried out on smooth surfaces and grooves 
(network with spacing 1 mm and depth 0.5 mm.) 
The cohesion present decreased sharply the ir- 
regularity of the axial deformation; in the grooves 
of the surface the irregularity of the axial deforma- 
tion does not exceed 10 — 15% of its average size 
and is of a simple type and a good approxima- 
tion to a parabola. 

Accurate solution of the non-linear system of 
equations which was obtained presented great 
difficulties : but a-small parameter — allows a quite 
good approximate solution to be made. 

The solution may be sought as a result of the 


small size of 7 in the form 


r=R (p)" (11) 


where R (p) is an unknown function. Analysis 
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[2] of the reduced equation shows that 9, = o,, 
whence 
1 
‘= a | Rae 
V 3% 
e 


72 — £2 Se 


on =0,+V1—R + dp 


2V3x 


The distribution of the tangents of stress R (p) 
satisfies the differential equation 


AR ROR) +IRV IRE yy 
dp p—pks 





where A » - some parameters. The integral curves 
pass through the point (node) p = 0, R = 0 and 
from this set of curves one has to be selected 
which will satisfy the condition of static equiva- 
lence. 

The item pA? in the denominator is small and 
can be neglected; whence the solution has the 





R, (394. RV1— 2?) 
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where R, is the value of R when p = 1, and C is 
an arbitrary constant 
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FIG. 3 o7 =f (p) when €=0 


Calculations show that the tangential stress R 
at the linear contacts appears to grow monoto- 
nously from the zero point of function (Fig.2). 

The greatest normal stress oz has a maxi- 
mum at p = 0 and decreases evenly to the value 1 
on the curve and then in the central part of the 
disk oz varies little in practice; here arises a 
stressed condition which is very similar in type 
to the close uniform tension whose intensity in- 
creases with p (Fig. 3). 

In Fig. 4 shown a graph of the dependence 
of the ratio 22™4X on the average dimensionless 


stress p/os for different values of the parameter 1 ‘x, 
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In the course of preparation of the specimens, 
the two different metals undergo a complex thermal 
cycle,which includes heating and cooling,and the 
effects of the residual stresses so set up, on the 
experiment results, are of considerable interest. 
This problem was solved by comparing the results 
of tests on specimens which had been thermally 
worked after full mechanical treatment, with those 
which had been prepared from a large billet (plate) 
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which had undergone thermal treatment by exactly 
the same method. 

Since specimens were cut from plates whose 
overall] size was many times greater than the 
specimens, no residual stresses of any signifi- 
cance could remain in them. Tests showed the 
strenatl of specimens which had previously been 
thermally worked after turning, to be 3 — 5% lower 
than the strength of such specimens without 
residual stresses. It is evident that there are 
residual tensile stresses in them. Thus for each 
accurate investigation it is desirable to cut the 
specimens out of billets which had undergone all 
necessary thermal working. 

To deternine the tensile stress at low tempera- 
tures the specimen was subjected to deep cooling 
in connexion with this it was necessary to exa- 
mine the question of the effect of the tempera- 
tures reached on the stresses Strictly speaking 
it is the problem of the temperature stresses which 
arise on cooling and the problem of the stresses 
condition which is formed on a basis of the tem- 
perature stresses in the course of stretching which 
slould be examined Such a statement of the 
problem is, however, very complex. Since the 
temperature stresses play a secondary role and 
the loading is uniform the possibility exists of 
examining simultaneously the mechanical and 
temperature loading. 

Under these conditions, the solutions wiicl: 
have been obtained above can be generalised for 
tlle problems under examination. Actually, tle 
equations (1), (2), (3), (4), (5) and (6) are pre- 
served. The equation of volume compression will 
now contain a term due to the temperature 


3Fa’ 


Ws 


= I aad = K (6, +, +62) + t, 
p 


Ap 4 
where a is the coefficient of linear expansion of 
the laver, ¢ is tlhe clange in temperature. The 


limiting case (9) is also changed. 


where a “is the coefficient of linear expansion 
of the permanent part of the specimen. Finally 
the relationship (&) which contains the difference 
between tlhe eloneation and the normal stresses 
is obviously retained in its earlier form. 

It is easy to see that the formulae (12), (13), 


and also the differential equation for the function 


hi do not change: nut the values of the parameters A 
and p will be somewhat different and, in particular, 
in the solution (15) instead of the component 3p 


there will he 


3p[1— J 


vo;p 


(a” —a’) q 


Analysis shows that the character of distri-- 
bution R changes little and, due to the standardiz- 
ing effect of the condition of statistical equival- 
ence, the stressed condition of the disk will not 
change significantly on stretching if the difference 
in temperature and the coefficient of expansion is 
not too great. 

Milatometric investigations slowed that on 
cooling from + 20 to ~ 190°C, unalloved low 
carbon steel undergoes a linear change of 0.228%, 
put hardened chrome nickel steel containing 0.3% 
carbon, of 0.236%. 

Since ,the coefficient of expansion of tlese two 
steels differ by only 3.5%, the temperature stres- 
ses which arise on cooling tlhe specimens can not 
affect the experimental results. 


METHODS AND RESULTS OF THE EXPERIMENTS 


The technological process of preparing the 
specimens was begun with a smiths weld of a 
pile from two plates of steel 30 KhNV4A, between 
which was laid a thin sheet of the low carbon 
unalloyed steel. During the thermomechanical 
working there was a diffusion of carbon into the 
unalloyed steel. Elements other than carbon are 
known not to diffuse under those conditions. 

For decarburization of the unalloyed steel 
which was being investigated, welded billets were 
subjected to slow cooling at a speed of 50° hour 
from temperatures of 1200°, 1100° and 850° to 
700° (with the last cooling in air). 
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FIG.5. Microstructure of spacimens of unalloyed 
metal after final thermal working: X 80 


After cooling from a temperature of 1200°C 
the structure of unalloyed steel consisted of fer- 
rite with No. 2 grain size, and after cooling from 
temperatures of 1100°C and 850°C — ferrite with 
grain corresponding to Nos. 4 and 5 and Nos. 6 
and 7 (Fig. 5). 

Chrome nickel steel under such working suf- 
fered partial hardening, yield point being higher 
than 100 kg/mm. 

From the billets were drawn (according to their 
thickness) tensile specimens, the diameter of 
whose working part was 3, 6 and 8 mm. The thick- 
ness of the layer of low carbon steel amounted to 
0.28 mm. The ratio of the diameter of the speci- 
mens to the thickness of the layer was 

D 1-10, 20 and 30. 
h «x 

To obtain more reliable average values not less 
than ten specimens were tested and more in some 
cases. 

The results of determination of the strength of 
the specimens, obtained by dividing the load by 
the area of the transverse section are presented 
in Table 1. 

If, in agreement with the data of MacAdam, Gale 
and Mebs [3], we start from the yield point at room 
temperature of 2] kg/mm?, at 100°, 31 kg/mm? and 
at — 190°, 65 kg/mm?, then we obtain a correction 
factor for calculating the maximum stresses in 
the centre of the specimen, from the average 
tensile stresses (Table 2). 


Increasing the average strength of the speci- 
mens by the correction factor, we obtain a value 
of the maximum stress at the moment of rupture 
which is also the tensile strength of the steel for 
the given conditions of testing (Table 3, F'ig.6). 

Table 1 (see separate sheet) 
Table 2 ” a i 
Table 3 9) 93 ‘i 


A further interest lies in the determination of the 
size of the plastic deformation which precedes the 
breakdown while testing the metal. 

This deformation ¢ can usually be divided into 
two parts : 

(a) a plastic deformation, related to the decrease 
in section of the metal being investigated in rela- 
tion to the rigid part of the specimen. This can 
easily be determined by measuring the broken 
part of the specimen after testing. 

(b) a plastic deformation of the metal under 
investigation dependent on the elastic deforma- 
tion of the rigid part of the specimen when the 
load is being removed. This part of the plastic 
deformation of the metal being tested can be de- 
termined from the formula 


€, = 2v(p — as) /E. 


In our experiments at temperatures of + 20°C 
and — 100°C, both eo and en were essentially the 
same size, but at — 190° ¢, became negligibly 
small. 

The results obtained for the overall value of 
the deformation are given in Table 4. 


Table 4 


(see separate sheet) 


DISCUSSION OF RESULTS 


The data obtained can be analysed from two 
points of view; the effect of the plastic deforma- 
tion before rupture on the fracture stress and the 
effect of the temperature at which the testing 
took place on the fracture stress. 

The data in Table 4 show that the range of 
variation of the degree of deformation of the speci- 
mens when measuring 1 /x from 10 to 30 is so 
small (0.07 — 0.11%) that it appears to be impos- 
sible to detect its effect on the strength. The 
broadening of this range by measuring the relative 
thickness of the disk is not possible, since for 
a further decrease of 1/xthe calculation of the 
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stresses appears impracticable, but for an in- 
crease on ]1/x the plastic deformation does not 
sensibly diminish (since it is determinated by 

€ép ). Therefore, the greatest interest pertains to a 
comparison of our results with those given in the 
literature for the fracture strength of low carbon 
steel which is determined by rupture of the usual 
smooth specimens in liquid nitrogen. In these 
tests, rupture is preceded by a plastic deforma- 
tion of the order of one or a few per cent. The 
tensile strength of low carbon steel with grain 
No. 2 according to the data in the paper by Potak 
and Sachkov [4] about 65 kg/mm?. 

In our experiments the fracture strength wheu 
tested in liquid nitrogen was around 95 kg/mm’, 
while the deformation before rupture was nearly 
0.1%. 

Since it is based on only two points the actual 
shape of the curve of fracture strength against 
deformation remains unclear. It is evident only 
that in the extreme case, in some region between 
« = 0.1% and ¢ = 1% there takes place an abrupt 
decrease of the tensile strength. 

It has not been possible to investigate the 
analogous relationship for fine grained steel 
because when testing the usual specimens in 
liquid nitrogen, the character of the fracture will 
be not brittle but plastic. Neither is it possible 
to detect the effect of the degree of deformation 
on the fracture strength at room temperature since 
even the usual specimens of coarse grained low 
carbon steel break plastically at room tempera- 
ture. 

The effect of the testing temperature on the 
fracture strength which has been obtained on the 
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FIG.6. Tensile strength of low carbon unalloyed 
steel in relation to the testing temperature, 


specimens in disk form is shown in Table 3 and 
in Figure 6. It is evident that on lowering the 


temperature the fracture strength decreases. 

It will be understood that at each temperature 
of testing the deformation of the specimens 
before rupture was different; the lower the test- 
ing temperature, the lower the amount of the de- 


formation. Therefore, if a diagram be constructed 
for constant amount of plastic deformation of the 
specimen before rupture, then the lowering of 
the strength with the temperature would be still 
more abrupt than in Figure 6. 

In any method of testing, the variation of the 
tensile strength with lowering of temperature 
depends on the action of factors operating in dif- 
ferent directions, among them on the raising of 
the yield point and the slowing down of the relaxa- 
tion. The first of these favours the increase of 
tensile strength, the second its decrease. 

The experiments showed that in the temperature 
interval of from + 20°C to — 190°C the second 
factor shows itself more strongly. But it is not 
ruled out that at much lower temperatures (from 
— 190° to — 250°C) an extremely rapid rise of the 
yield point exerts a greater effect, and that as a 
result the fracture strength will again begin to 
increase. Such a surmise has been confirmed 
recently by publication of the results obtained by 


Uzhik [5] and also by Eldin and Collins [6]. 


If the variation of fracture strength at lower 
testing temperatures is to be examined at constant 
plastic deformation before rupture, then under 
such conditions the tensile strength can only de- 
crease. 

It is interesting to compare these values of the 
tensile strength with those obtained by Rinehart 
[7] who determines the tensile strength at room 
temperature not by static testing but by blowing 
up an explosive material on a steel plate. The 
value obtained by him for a tempered low carbon 
steel was 112 kg/mm?. Judging by our results, 
fracture strength of a low carbon steel with grain 
No. 5 under static testing at room temperature 
should be 140 — 150 kg ‘mm?. 

Comparison of the results of our experiments 
(static) with those of Rinehart (dynamic at great 
speeds) leads to the conclusion that with an in- 
crease in the velocity of deformation the tensile 
strength is lowered. The cause of the analogous 
effect of the temperature and velocity on the ten- 
sile strength is probably related to a common 
mechanism of their effect and leads to the result 
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that an increase in velocity as well as a lowering 
of the testing temperature inhibits the course of 
the relaxation processes on the shear planes. 
This explanation is understood to be a result 
of the hypothesis that brittle fracture is initiated 
by plastic deformation and that in this sense the 
only dangers are shears which have not undergone 
a sufficiently great relaxation. There are good 
grounds for the present use of such an hypothesis. 
Since the effect of the testing temperature on 
the resistance to deformation and the tensile stress 
seems to be directed in opposite directions, the 
results obtained not only do not contradict the 
explanation for brittle steel by the different 
effect of temperature and speed on these two 
properties (Ioffe — Davidenkov), but on the con- 
trary, are an additional confirmation. \:ore than 
that, they make comprehensible why the variations 
in testing temperature near room temperature 
substantially influence the tendency of steel 


TABLE 1 


towards brittleness, in spite of the small varia- 
tion of the yield point in this temperature range. 


CONCLUSIONS 


1. The fracture strength of low carbon steel 
depends essentially on the small degree of deforma- 
tion before rupture. 

If the stressed condition is reinforced some- 
what so that the deformation before rupture is, 
for example, a tenth percent of the length, then 
the fracture strength of low carbon steel with 
grain No. 2, shows itself to be 1.5 times greater 
than the value established by testing the usual 
smooth fractured surfaces in nitrogen. 

2. The effect of the testing temperature on the 
fracture strength of low carbon steel was shown 
to be considerable; with a lowering of temperature 
of testing of from + 20°C to — 190°C the shear 


strength decreases: 


Strength of the specimens (kg/mm?) 





1/x = 30 





at + 20° at — 100° 


at — 190° 





97, 95, 86, 93 | 94, 102, 94 
85, 98, 86, 98 | 95, 72, 106 
96 105, 95, 96 
Average 97 Average 96 
82, 84, 91 

89, 65, 89, 88, 
58, 63, 87, 80, 
66, 86, 66, 70, 
90, 84 
Average 80 





81, 93, 98 
113, 98, 109 
106, 93, 101 
Average 98 





69, 72, 68, 76 
80, 77, 86, 75 
78, 81, 69, 75 
82, 81, 60, 54 
84, 66, 68, 74 
74, 84, 72, 75 
Average 73 





80, 85, 76, 83 
90, 85, 71, 79 
67, 60 


Average 76 





94, 88, 94, 88 | 
82, 88, 82, 86 | 
78, 84, 64, 70 | 
82, 75 | 


71, 60, 71, 82 


| 
| 


Average 83 Average 32 


90, 94, 86, 96 | 73, 94, 92, 72 


77, 85, 93, 86 
91, 79, 82 


Average 85 
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TABLE 2. Correction factor k = Oo. /p 


max 





No.of ; - 1/x= 30 
grain 2 | Ste | «tee 
7 - +—— = ——— ws ee 











6-7 BF 1.68 
$—5 








TABLE 3. 


Results of determination of fracture stress of steel with ferrite structure (kg/mm?) 


No.of ‘ P= 2. Pe 1/x= 30 ] 





5 1/x = 20 1/x= 10 
_ grain 2 at—100° | at—190° | at —190° 





at — 190° 





125 


96 








TABLE 4. Plastic deformation of metal specimen before fracture (%) 





No. of 1/x = 20 1/x= 10 
_ grain | at+20 | at — 190° at — 190° at — 190° 
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THE DEFORMATION TEXTURE ON COLD ROLLING IN LOW CARBON STEEL * 


K.V. GRIGOROV and G.P. BLOKHIN 
(Received 6 August 1956) 


The experimental results obtained by a magnetometric method of the mechanism of the 
regular development of texture by cold rolling in a low carbon steel over a wide range of 
deformation are given. An attempt is made to explain the regularities obtained on the basis 
of the geometry of the mechanism of plastic deformation of crystals by gliding. 


In this paper the development of the texture 
which arises on cold rolling in a low carbon steel 
over a wide range of deformation is studied. 

The steel contained approximately 0.10 per cent 
carbon, 0.05 per cent silicon, 0.16 per cent manga- 
nese, 0.03 per cent phosphorus and 0.02 per cent 
cent sulphur. 

In order to obtain different degrees of deforma- 
tion for the same final thickness of the specimen 
(around 0.2 mm), a billet of thickness d, = 15 mm 
was initially rolled to a different “original” thick- 
ness. The rolling was carried out in a laboratory 
mill with roll diameter of 55 mm. The billet was 
then heated five or six times to a temperature of 
1000°C, i.e. higher than the temperature of the al- 
lotropic transformation. 

The heating was carried out in order to destroy 
the texture in the original billet. After this, the 
billet was rolled to a thickness of approximately 
0.2 mm. As the starting thicknesses of the billets 
were different, the degree of deformation obtained 
was different for each one. The maximum deforma- 
tion correspond to a decrease in thickness of a bil- 
let of 525 times. 

In all cases the rolling was carried out at the 
same speed of approximately 2.5 m/min. On rol- 
ling the width of a billet increased only by a few 
per cent, so that it could, in practice, be consi- 
dered constant. Therefore, the deformation of the 
material can be characterized by the value 
d, — d/dy 100. Here do is the original and d 
the final thickness of the rolled billet. 

From now on the deformation will be characteri- 
zed by the value of the integral or complete rela- 
tive deformation. 
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Ifere Jy is the initial and / the final length of 
the billet. After rolling the direction of rolling 
was marked on the strips obtained. Then the speci- 
mens, disks of 30 mm diameter, were cut out of the 
strips on a lathe and each disk was given a number 


THE NORMAL TYPE OF MAGNETISM IN COLD 
ROLLED SPECIMENS 


The normal components of magnetism were mea- 
sured for each specimen (in absolute CGSM units) 
by the angle between the direction of rolling and 
the direction of the field. The measurement was 
carried out with an accuracy of 2 per cent [1}. 

In Fig. 1 is depicted a typical relationship 
between the normal components of magnetism and 
the angle & between the direction of rolling and 
the field strength for specimens with deformation: 
curve | has d,/d = 3.54; curve 2 has d,/d = 523. 

It is seen from the graph that this relationship 
is of the same type, for different degrees of de- 
formation. Curves corresponding to specimens with 
different degrees of deformation differ only by the 
size of the normal magnetic component /p. 

Irom Fig. 1] it is seen that the curves /p (d) 
when d ~ 40—45° go through 0. Consequently 
for such values of d the energy of magnetization 
has extreme values. When the angle ¢ is nearly 
45° to the direction of rolling, the axes are ar- 
ranged so as to be magnetized either easily or 
with difficulty. When the disk (specimen) was 
placed in a magnetic field in which it could move 
freely, it slewed around in such a way that the 
direction of rolling made an angle of nearly 45° 
with the direction of the field. This condition of 
the disk was stable. 

It follows from this that crystallographic direct- 
ions of the type (110) arrange themselves in the 
direction of rolling but directions of the type (100) 
(of easy magnetization) at an angle of approxi- 
mately 45° with the direction of rolling, which is 
in agreement with X -ray data [2-6]. 

From Fig. 1 it is also seen that the function/, 
(4) for each specimen can be resolved into a 
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FIG. 1, Relationship of Jn for specimens of cold 
rolled low carbon steel, with small and large 
degrees of deformation. 


1. do/d = 3.54; 2. do/d = 523. 


Fourier series by the usual method of harmonic 
analysis [7]. For instance, for one of the speci- 
mens with a small deformation (d, = 2.43) the normal 
magnetic components would be presented in the 
form 

In = 6.6 + 1.2 sin(2 d + 188) + 4.5 sin (4¢+7) 
+ 0, sin(6 d+ 246) +... (2) 

For another specimen with a large deformation 
d,/d = 523 

In (@) = 53.8 + 5.7 sin (26+ 193) + 52.1 sin 
(446+ 9) + 2.8 sin (6d + 209) +... (3) 


By limiting the second and fourth harmonics to a 
first approximation by transferring the origin of the 
coordinates to the value A, and taking the original 
phases of the second harmonic as equal to 180°, 
and of the fourth as zero we will have a tynical 
equation of a normal magnetic component for cold 
rolled specimens: 

In=-—12sin2¢+45sin4¢ (4) 

In = —5.7sin2$+52.1sin4¢ (5) 

ilere, and further on, where reference is made to 
negative or positive values of the quantities 4, 
and A,, they are in the form of the original phases 
of the second and fourth harmonics approximately 
180° and 0° respectively. 

Instead of writing the original phases of the 
harmonics, it is conventional to add a plus or 
minus sign to their amplitudes. 

The values of the amplitudes A, and A, of the 
second and fourth harmonics determine the normal 


magnetic component. In a first approximation these 
values can be used as the first characteristics of 
a texture. 

It is already evident from equations (2) and (3) 
that the amplitude of the sixth harmonic is small 
in comparison with the amplitude of the second and 
fourth harmonics. It is seen experimentally that 
the amplitude A, has a very weak effect on the 
anisotropic magnetic properties and therefore it 
need not be taken into account in a first approxi- 
mation. 

From the curves in Fig. 1 and equations (4) and 
(5) it is evident that the values of both A, and A, 
increase with an increase of deformation and that 
this characterizes the increase in the degree of 
perfection of the texture. Thus the size of A, and 
A,, as has already been mentioned, is characteristic 
of the degree of perfection of the texture. They are 
calculated with an accuracy of 5 per cent (1,7). 

In Figs. 2 and 3 are presented graphically the 
dependence of the value of A, and A, on the com- 
plete deformation by cold rolling. It is seen from 
Fig. 3 that for the whole range of values for the 
deformation, the amplitude of the fourth harmonic 
appears to be a positive quantity. 

The size of A, grows in approximate proportion 
to the value of the integral deformation for all the 
intervals which have been investigated. But it 
should be noticed that around the value of the in- 
tegral deformation log d./d = 3.0, the quantity A, 
undergoes some deviation and its growth slows 
down somewhat. 

The graph in Fig. 2 shows that the amplitude 
A, of the second harmonic has,for weak deforma- 
tion, both positive and negative values. With in- 
crease of the degree of deformation the value A, 
ow 30 60 100 300 7 
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FIG. 2. The dependence of A; on the integral 
deformation for cold rolled, low carbon steel. 
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FIG. 3. The dependence of A, on the integral 
deformation for cold rolled, low carbon steel. 


for all specimens has a negative value (the original 
phases of the second harmonics are nearly 180°), 
increasing with the absolute magnitude. In a region 
of large deformations the quantity A, has a tend- 
ency to remain constant. 

The residual stresses in the metal can affect 
the scatter of the points around the curve which 
shows the dependence of A, on the integral de- 
formation, especially for weak deformations, when 
the texture is weakly developed. 


The observed scatter of points can also be ex- 
plained as the effect of the original texture which 
remains in the material even after repeated heating 
at a temperature higher than the temperature of the 
allotropic transformation. 


In addition, in the process of rolling the billet 
without tension the rolling direction is never 
exactly the same. 


With every passage of the specimen through the 
rollers this direction varies a little. This latter 
circumstance can also affect the quantities 4, 


and A,. 


Estimation of the mean square and probable 
errors in the determinations of the quantities 4, 
and A, shows that for small deformations the 
relative probable error for A, is 12 per cent and 
for A, is 25 per cent. For even greater deforma- 
tions the relative probable error is 2 per cent for 
A, and 15 per cent for A,. 

A marked amount of error in the determination of 


A, gives rise to the necessity of measuring In, A, 
and A, in a great number of specimens. The curves 


in Figs. 2 and 3 were obtained as the result of 
studying several hundred specimens. 

Investigation of the texture of cold rolled silicon 
steel, carried out by Tarasov [8] by the magne- 
tometric method on only 16 specimens, led him to 
an erroneous conclusion as to the linear depend- 
ence of the value of A, on the total relative de- 
formation. It was shown later [1] that this depend- 
ence is of another type. 

The values of A, and A,, generally speaking, 
depend on the residual stresses which develop in 
the specimen on rolling. In order that the texture 
obtained during cold rolling could be characteriz- 
ed by the values A, and A, it was necessary for 
the material to undergo such heating as would de- 
crease the internal stresses and at the same time 
that there should be no recrystallization. With this 
aim, a series of specimens which had been de- 
formed to varying degrees, were held at a tempera- 
ture of 500°C for five hours. 

On the graph in Fig. 4 is shown the dependence 
of A, (curve 1) and of A, (curve 2) on the total 
relative deformation after this heating. 
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FIG. 4, The dependence of A, and A, on the in- 

tegral deformation for cold rolled specimens of 

low carbon steel after heating at a temperature 
of 500°C for five hours. 
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gets stronger with increased rolling of the material 


To compare the variations which result from this 
heating, in Fig. 5 are presented curves ] and 2 for _—[3). 


In the graph of Fig. 6 is presented the depend- 
ence of the relative volumes W,and W, of crystal- 
lites with the orientation: 
Ay (001) [110], (12) [110] and W = W, + W,, on the 
50 total relative deformation. 

The relative volume of crystallites with crystal- 
lographic orientation of the type (001) [110] grows 
slowly with weak and much more quickly with 


strong deformations (Fig. 6, curve 1). 
The relative volume of crystallites with orienta- 


tion of the type (112) [110] on weak deformation 
increases approximately in proportion to the amount 
of the integral deformation (Fig. 6, curve 2). 

With the increase of the degree of deformation, 
the development of W, slows up and in the region 
of the integral deformation log dp/d = 4 —5 W, 
tends to saturation. The overall relative volume 
Pa of the crystallites of both orientations grows ap- 

proximately in proportion to the integral deforma- 
cal tion for the whole range of its values (Fig.6, 


curve 3). 


A, and A,- prior to heating. 
and curves 3 and 4 after heating. 
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FIG. 5, Composite graph for A, and A, 

1,2 relationships of A, and A, from Fig. 2 40 
(before relaxation); 

3,4 relationships of A, and A, fromFig. 4 


(after relaxation). 
30 

















It is evident from these diagrams that the partial 
release of stress in the tempering process (relax- 
ation) straightens the curve for A, by increasing 
the value of A, in the region of large deformations. 
The graph of A, is also markedly changed as a 


result of the heating. 
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Subsequently, as in the samples stresses of the 
first type were partially relieved calculations were 
made of the relative volumes of crystallites of one 
or other orientation by the method described in [1]. 

From the X -ray investigations [2] it is known 
that the texture due to cold rolling in low carbon FIG. 6. The relationships of W,, the relative 
volume of crystallites with the orientation (001) 
[110] W,, the relative volume of crystallites 
3 is with the orientation (112) [110). W, the total 
1. (001) [110], 2. (112) [110), 3. (111) [112] relative volume of crystallites(W, + W,) to the 


integral deformation for cold rolled low carbon 























steel can, as the result of superpositions, present 
the following orientations: 


The last orientation is weakly developed. A 
fourth orientation is met with, (111) [110} which steel. 
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The quantities W,, W, and W were calculated 
from the values of A, and A, taken from the curves 
shown in Figs. 4 and 5. The theory of Akulov [9] 
was used for the calculations. 

From Fig. 6 (curves 1 and 2) it is seen that for 
the integral deformation log do/d = 4, the quantities 
W, and W, become equal. 

It is interesting to notice that W, and W, are equal 
to just that value of the deformation to which were 
rolled out the specimens studied by Kurdiumov and 
Sachs [2}; these authors also point out that for 
this amount of deformation the two orientations 
(100) [011] and (112) [110] are nearly identical. 


RESULTS OF THE ESTIMATION OF THE RELATIVE 
VOLUMES OF ORIENTATED CRYSTALLITES BY 
CALCULATION OF THE SIXTH HARMONIC OF THE 
NORMAL MAGNETIC COMPONENT 


Calculation shows that the relative volumes of 
crystallites which have the orientation (001) [110] 
and (112) [110] depends a little on the amplitude 
of the sixth harmonic of the normal magnetic 


component. 


The question of the development of crystallites 
with the orientation (111) [110] is of interest in 
relation to the deformation [3,6]. The amplitude 
A, of the sixth harmonic of the normal magnetic 
component is shown in Fig. 7. 
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FIG. 7, The dependence of A,, the amplitude of 

the sixth harmonic of the normal magnetic com- 

ponent on the integral deformation for cold rol- 

led specimens after heating at a temperature 
of 500°C for five hours (relaxation). 
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FIG. 8. The dependence of Ws, the relative 

volume of crystallites with the orientation (111) 

[110] on the integral deformation for cold rolled 
low carbon steel. 


If we designate by W, the relative volume of the 
crystallites with the orientation (111) [110] then 
the dependence of W, on the degree of deformation 
can be presented approximately as the curve shown 
in Fig. 8. 

It follows from the figure that the number of crystal- 
lites possessing the orientation (111) [110] in- 
creases with the deformation, with a tendency to 
grow faster at large deformations. 

According to this for the whole range of large 
deformations (log do/d from 1 to 5) which have 
been investigated, the quantity of crystallites 
with the orientations (001) [110] and (112) [110] 


will remain predominant. 
DISCUSSION OF RESULTS 


From the result given in this paper and from the 
X-ray investigations, it follows that the most 


stable crystals on deformation of a carbon steel 
are those with the orientation (100) [011] (Fig. 9). 


lst Position (001) [110] 


Direction 


| [110] 
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The stability of these crystallites is determined 
by the direction of gliding in the plane perpendi- 
cular to the plane of rolling and parallel to its 


direction (along the planes) and placed symmetrical- 


ly to the direction of rolling at an angle of 36°. It 
can be supposed that, in this case, the deforma- 
tion takes place by twin gliding. This causes a 
lengthening of the rolled strip without change of 


width. 
The position of the crystallites (Fig. 10) with 


the orientation (110) [001] is explained by the 
second stable position. According to this the 
direction of gliding <111> is symmetrical with the 
direction of rolling and is lying in the linear planes 
situated at a large angle (55°) to the angle of rol- 
ling relative to the crystallites with the orienta- 
tion (100) [011]. Such a direction of glide requires 
a much greater shear to obtain the same amount 
of deformation so that it can be supposed that the 
second arrangement of the crystallites is less 
stable than the first. 

Crystallites of all the remaining orientations 
are less stable than the two first and on deforma- 
tion will tend to occupy positions with the orienta- 
tions (100) [011] as the most stable. 

Before getting into a stable position the crys- 
tallites should pass through intermediate positions; 
e.g. (112) [110] and (111) (110). With increase of 
deformation, single crystallites will leave this 
intermediate stage for the stable one, others will 
take the places in the intermediate one. It is thus 
possible to explain (Fig. 11) the texture (112) 
[110] by the dispersal of the texture (100) [011]. 
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FIG. 11. 


CONCLUSION 


1. The extent to which the texture of a low 
carbon steel, with 0.1 per cent carbon is made 
perfect by cold rolling, varies approximately in 
proportion to the integral deformation, for the 
range of deformation d,/d = 1—500. The type of 
texture will remain the same (the texture of 
Kurdiumov and Sachs [2], but the relationships 
of the relative volumes of crystallites of different 
orientations will vary. 

2. The “saturation” of a texture in the cold 
rolling of low carbon steel does not occur even for 
large reductions. Thus, for a reduction of 99.3 per 
cent (decrease of the thickness of the rolled bil- 
let by a factor of 150), of the whole volume of the 
crystallites, the crystallites with the pre-eminent 
orientation amounted to 50 per cent. 

3. The degree of perfection increases gradual- 
ly. For weak deformation the development of the 
texture increases principally because of the rela- 
tive volume of crystallites with the orientation 
(112) (110). 

For the greatest increase in deformation start- 
ing from the value log do/d = 2, the increase in the 
degree of perfection of the: texture is by the in- 
crease in the relative volumes of the crystallites 


of both orientations. For the value log d./d = 4.2 
the relative volume of the crystallites of both 


orientations remains approximately the same. The 
greatest increase of perfection of texture takes 
place at the expense of the increase of the rela- 
tive volume of the crystallites with the orientation 
(001) [110]. The relative volume of crystallites 
with the orientation (112) [110] remains constant. 
It can thus be stated that, for large deformations, 
the relative volume of crystallites with the orien- 
tation (112) [110] is characteristic of a dissemi- 
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VARIATION IN PLASTICITY OF TRANSFORMER STEEL IN THE PROCESS OF 
COOLING * 


S.I. DOROSHEK, N.I. LAPKIN and G.N. SHUBIN 
Urals Scientific Research Institute for Ferrous Metals 
(Received 1] May 1956) 


Certain questions of the cause of the variation in the plasticity of hot-rolled transformer 
steel, in the process of cooling after low-temperatuse annealing without a protective medium, 


are studied here. By means of stage- cooling after annealing, the effect of the rate of cooling 
and the temperature range of cooling on the plasticity of transformer steel is established. It 

is evident that the plasticity of the steel in the process of cooling varies in accordance with 
a peaked curve. The position of the peak depends on the conditions of heat treatment and the 


changes preceeding it. 


A clearer presentation is made of the nature of brittleness in transformer steel. In particular, 
an analogy is drawn with the well-known phenomenon of reversible temper brittleness. 


From the time of the inception of the production 
of steel for electrical purposes, the present day, 
the heat treatment of transformer steel has speci- 
fied cooling by stages at a rate of 5—10°/hr from 
the holding temperature 800/1100°C down to 150°C. 
It is thought, in particular, that such slow cooling 
helps graphitization, reduces the tendency to ageing 
and does not produce thermal strains thus ensuring 
the necessary plasticity and magnetic properties in 
the steel. However, there is also another point of 


view, according to which quick cooling ensures good 


homogeneity of the solid solution of silicon in iron, 
assists the fall-out of noxious impurities and at 
the same time can improve the magnetic properties 
and the plasticity of transformer steel. The intro- 
duction of continuous annealing of a moving band 
of cold-rolled transformer steel! confirms the pos- 
sibility and the practical expediency of accelerat- 
ing the cooling of electrical steel to a rate of 600°/ 
lir or more. 

In domestic and foreign literature there is no 
special research devoted to the study of the in- 
fluence of the process of cooling after annealing 
on the plasticity of transformer steel. Much interest 
has been aroused by the works of Bogachev and 
Steinberg [1] in the study of the influence of a 
variety of factors (grain size, silicon content, 


shape and distribution of carbide and of alloying 


elements etc.) on the plasticity of transformer 
steel. Regrettably, in these works no detailed 
study is made of the problems which are connected 


* Fiz. metal. metalloved. 4, No. 1, 171-176, 1957 
[ Reprint Order No. POM 25}. 


with the variation of plasticity in the process of 
cooling. Meanwhile, the study of the variation in 
plasticity in the process of cooling can give a much 
more complete picture of the nature of brittleness 
and the causes producing it so that it can, in its 
turn, indicate new possibilities of improving the 
quality of transformer steel. 


The basic problem of current research is to 
establish certain features of the variation in the 
plasticity of hot-rolled transformer steel in the 
process of cooling, after low-temperature anneal- 
ing (750 — 850°C) without a protective medium. 

Researcli was carried out on bars (measuring 
0.5 x 30 x 250 mm, made up into 1] kg bundles) of 
transformer steel from a factory “melt” with a 
silicon content of 4.0 — 4. 2 per cent and a mini- 
mum content of harmful impurities. The plasticity 
of the annealed plates was measured by the number 
of bends through 180°, following State Industrial 
Standard 802 (54, however, in certain of the trials) 
corresponding with the degree of impact strength 
of the samples cut from the sheet. It was found by 
preliminary trials that cooling in a variety of media 
(in a furnace, in air and in water) from annealing 
temperature to room temperature, although it exerted 
an effect on plasticity, yet did not permit any 
regularity in variation to be established. 

The basic method, permitting the establishment 
of definite regularity in the variation of plasticity 
during the cooling process, was the so-called 
stage - cooling, the essential nature of which was 
as follows: after heating to the given temperature 
(750 — 850°C) and maintaining this for two hours, 
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1 kg bundles from a sheet of transformer steel were 
cooled together in a furnace at a rate of 5°/hr (in 
other trials, at a rate of 10, 20, 40 and 60°/hr) 

to a specified temperature, after which cooling 
proceeded in air. The temperature at which the 
given samples were cooled in air was provisional- 
ly called the “temperature of fixation” (Tf). 

In view of the great lack of uniformity noted by 
us in the plasticity of transformer steel even within 
the limits of a single sheet, not less than 5 — 10 
samples, cut from the length of a rolling were taken 
for each bending test. The influence of Tf on the 
number of bends was established on the interior 
(“white”) plates from one bundle with the greatest 
uniformity of chemical composition and size of 
grain. The prepared samples were tested in a 
special bending device with electrically heated 
contacts, at various temperatures. 

The test pieces were put through microstructure 
analysis as to grain size (magnified 100 times) and 
also as to and deposition of carbide (magnified 
600 times). In individual cases a chemical analysis 
was made, also a measurement taken of the coer - 
cive force and a test of the tendency to ageing. 

The results of the experiments, set out in Fig. 1, 
show that in the initial stages of rapid cooling (Tf) 
has an essential effect on the plasticity of trans- 


former steel. 
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FIG. 1 Character of the variation in plasticity 
in transformer steel under stage cooling (temp 


of text = + 20°C). 850° — 2hr, cooling at rate 
of 5°/hr 


Heating up to 850°C and cooling at a rate of 5°/hr 


to a predetermined temperature, with subsequent 
cooling in air, precisely expose the variations of 
ductility in transformer steel, where there is suf- 
ficiently slow cooling at the various temperature 
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FIG. 2 Variation in the number of bends relative 
to ahe temperature of fixation for various melts 
(850° — 2hrs, cooling at rate of 5°/hr. 


ranges. The data put forward show that as the 
“temperature of fixation” falls to the upper ranges 
of cooling (as far as 650°C) the plasticity of a 
given melt increases, but in the lower ranges of 
temperature (below 650°C) it decreases (Fig. 1). 
The increase of brittleness of transformer steel 

in the lower temperature ranges is at first sharp, 
but subsequently becomes insignificant. In view of 
the fact that the statistics obtained significantly 
change the hitherto existing conception of the in- 
fluence of a rate of cooling on the plasticity of 
transformer steel, additional trials were carried 

out on a whole series of factory melts. From the 
results it was established that similar regularity 
was intrinsic in all the melts under investigation. 
It was also noted that not all melts achieved the 
maximum plasticity for one and the same tempera- 
ture of fixation. In Fig. 2 data are given which show 
the character of this variation. Comparison of the 
curves in this diagram shows that the chemical 
composition of the melt and the peculiarities of the 
hot-rolling process vitally affect the plasticity 

of transformer steel in the process of cooling, caus- 
ing the temperature range and the absolute value 
of the maximum number of bends to vary. 

Whilst scrutinizing the character of the variation 
in the number of bends, relative to the temperature 
of test for various fixation temperatures, one can 
clearly see the difference in the positions of the 
threshold of cold -brittleness (Fig. 3). Samples 
held at the temperature range of maximum ductility 
have a cold -brittleness threshold 40 — 60°C lower 
than samples which have been rapidly cooled to the 


temperature where resilience breaks down. 
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FIG. 3 Influence of temperature of rapid cooling 
on the number of bends of transformer steel at 
increasing test temperatures 
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FIG. 4 Variation of impact strength and coerci- 
tive force in steel of melt 1448 with stage cool- 
ing (850° — 2hr) 


The regularity of variation in plasticity during 
the process of cooling is also well shown under 
impact load. In Fig. 4 the impact strength of trans- 
former steel, containing 3.56 per cent of silicon, 
tested at room temperature is shown varying in 
relation to the temperature of rapid cooling. The 
adduced data give evidence of this fact, that the 
impact strength of transformer steel in the process 
of cooling varies, in like fashion, according to a 
peaked curve. It is of interest to note, moreover, 
that the coercive force does not vary significantly 


and the magnetic ageing does not exceed 3 — 4%. 
In samples, rapidly cooled from the temperature 


both of the maximum of ductibility and of the mini- 
mum of ductibility, no structural changes can be 
observed with magnification of x 600. A clean grain 
of ferrite (Fig. 5a) is invariably used as a measure- 
ment (80 — 120 grains /mm?). The content of carbon, 
moreover, is 0.006 — 0.008 per cent, so that it cor- 
responds approximately with the volumetric solu- 
bility of carbon in iron at room temperature [2]. 


FIG. 5 Microstructure of samples of transformer 

steel after stage cooling. x 480. 

(a) Temperature of test = 850°C; holding time = 
3hr; rate of cooling = 5°/hr; Tf = 750; 650; 
500°. 

(b) Temperature of test = 850°C; holding time = 
3 hr ; rate of cooling = 5°/hr; Tf = 650° 

(c) Temperature of test = 850°C; holding time = 
3 hr ; rate of cooling = 5°/hr; Tf = 650°C, 


It is of interest to note this fact, that part of the 
samples (with an increased content of carbon up 

to 0.014 — 0.019 per cent) cooled in air from the 
temperature of maximum resilience, gave on the 
average six to eleven, and sometimes fourteen 
bends, although cementite network was clearly 
visible in the structure (Fig. 5b) and occasionally 
even coarse inclusions of carbides (Fig. 5c). At 
the same time rapid cooling from a very low tem- 
perature (of the order of 500°C) reduces the number 
of bends to 0, even where grains of ferrite with 
clean boundaries are present. Thus the variation in 
the ductility according to a peaked curve cannot 
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be explained only by the precipitation of excess 
cementite, since different conditions of cooling 
produce at least two processes, one of which leads 
to an increase of plasticity, the other to a les- 
sening of it. 

The essential influence or the variation of ducti- 
lity of transformer steel! of the process of cooling 
is exerted by the first stage (up to the moment of 
rapid cooling). With the increase in the rate of 
cooling above 20°/hr the peak resilience sharply 
increases. If, with a rate of cooling of 5 — 20°/hr 
the maximum number of bends reached 12 — 13, 
then with a rate of cooling of 40°/hr the maximum 
number of bends was 20 (Fig. 6). at the same time, 
in cooling by temperature changes of small range 
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FIG. 6 Influence of speed of cooling in the range 
“holding temperature — temperature of fixation” 
on the variation in plasticity of transformer steel 
(850° — 2 hr) 
a much sharper reduction in resilience is seen in 
cooling steel at a rate of 5°/hr. This shows up the 
different sensitivity to the rate of the cooling 
processes, of the factors which condition the 
variations in the resilience of steel. 

This marked sensitivity to the rate of cooling at 
the temperature range of the threshold ductility 
gives a basis for supposing that transformer steel 
is subject to the known effects of low temperature 
(temper) brittleness. Preliminary data about the 
reversibility of this process give positive results. 
For the complete solution of this problem we are 


continuing to make investigations in this direction. 
In the opinion of some authors [1], the basic 


causes of the brittleness of transformer steel] lie 
in the separating - out of cementite the more the 
carbides are dispersed, the more plastic the steel. 
Such a standpoint is quite correct, but it does not 
fully reflect the real causes of brittleness, since 
in specific conditions of cooling brittle stee] can 
be obtained, even though the grains of ferrite are 


143 


clean (magnified 600 times), but also comparatively 
resilient steel in which are present fairly coarse 
inclusions of carbides. Just as when coarse ce- 
mentite is present, so in the presence of grains of 
pure ferrite, the resilience of steel during cooling 
changes according to a peaked curve. However, in 
the case of cementite the peak of resilience is less 
marked than in a case where no cementite is observ- 
ed in the structure (with all other conditions similar, 
i.e. with identical annealing temperatures, size of 
grain, rates of cooling etc.). Thus, coarse excess 
cementite, although it plays the role of a factor, 
certainly causing deterioration of plasticity in 
steel, yet it does not cause the development of 
ductility in the process of cooling, and consequent- 
ly, does not seem to be the sole basic cause of 
brittleness (apart from silicon, size of grain etc.). 
This standpoint, it seems to us, has much practical 
significance, since it points to this, that even with 
the smallest concentration of carbon (0.006 — 
0.008 per cent) in transformer steel it is impos- 
sible for brittleness to be completely eliminated, 
unless the cooling after annealing goes sufficiently 


slowly through all temperature ranges. 


CONCLUSIONS 

(1) The ductility of high -alloy transformer steel 
in the process of cooling after annealing varies 
according to a peaked curve. This regularity is 
clearly shown by the method of stage - cooling. 

(2) Accelerated cooling after annealing increases 
the ductility of transformer steel. It is possible to 
obtain adequately high plasticity in transformer 
steel without significant deterioration in its magne- 
tic properties, at the expense of the optimum cool- 
ing programme. 

(3) The presence of coarse cementite even along 
the boundaries of the ferrite grain, although it in- 
creases the brittleness of the steel, still does not 
constitute its sole cause. Manifestly, the prime 
causes of the deterioration of ductility in trans- 
former steel might be those processes which create 
the conditions for the known phenomenon of high 


temperature (temper) brittleness. 


Translated by M.W. Mclyrath 
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CONCERNING THE MECHANISM OF THE FORMATION OF GLOBULAR 
GRAPHITE IN CAST IRON *f 
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Urals Scientific Research Institute of Ferrous Metals 


(Received 21 May 1956) 


It is known that graphite, which in common grey 
cast iron has more or less the form of curved flakes, 
crystallizes in spherical form after the iron has been 
treated under specific conditions with one of the 
following elements: Mg, Ce, Ca, Li, Bi, Na, k, Te, 
Se, Ba, Sr, Zn [1,2]. To explain the nature of the 
action of these elements many theories have been 
put forward, according to which: 

1. The modifier changes the relationship of the 
speed of growth of the individual grains of a crystal 
at the expense of the selective adsorption by these 


erains [3]. 

2. The modifier purifies the melt of the impurities 
dissolved in it (sulphur and oxygen), at the cost of 
which the surface tension of the cast iron increases, 
and graphite crystallizes in the form of globules[4]. 

3. The inclusions generated by the modifier help 
generation of crystals towards the globular form of 


graphite [5]. 

4. Bubbles of steam from the modifier seem to 
cause the generation of crystals of globular graphite 
[6 et al. }. 

Nevertheless, no single one of these theories 
can explain all the aspects of the phenomena ob- 
served when graphite crystallizes in globular form, 
nor are they confirmed with any degree of certainty 
by experimental findings. 

In our article an account is given of the results 
of an investigation, whose purpose was to explain 
if possible the linkage between the formation of 
globular graphite when treating cast iron with a 
modifier, and the removal of sulphur and oxygen from 
the melt. If this phenomenon were really connected 
with the purifying of the melt, then graphite should 
crystallize in globular form in cast iron which has 
been smelted from pure starting materials without 
subs? quent treatment with a modifier. To make proof 
of this, an investigation was conducted on the form 





* The mechanism of the early stages of crystalliza- 
tion is examined in the article, when graphite comes 
into contact with the molten cast iron. 
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of graphite in cast iron, which had been smelted in 

a vacuum from pure starting materials. To make 

clear the mechanism of the action of sulphur, the 
character of its diffusion within graphite was studied 
with the aid of radioactive sulphur 35S, also its diffu- 
sion within the metallic base of the iron in both the 
flake and the globular form of graphite. 

The process in vacuo contained iron carbonyl, 
metallic silicon and spectrographically pure elec- 
trodes of graphited carbon. Silicon, of which 3 per 
cent by weight was added to the melt, contained: 
Al(0.17 per cent), Fe (0.41 per cent), Ca(0.15 per 
cent), and graphited carbon contained 0.015 per 
cent S. 20-30 g cast iron were smelted in a graphite 
crucible at a temperature of 1400°C and a pressure 
of 2.10-° mm of mercury, and cooled in a vacuum. 

Study of the microstructure of the cast iron, 
smelted in vacuo, showed that within it part of the 
graphite crystallizes in globular form** These glo- 
bules have a radial structure (Fig.1), characteristic 
of the globular graphite in cast iron which has been 
treated with a modifier (Mg, Ce, Ca). 

In cast iron which has been smelted from the 
same materials in a vacuum furnace, but with an ad- 
mixture of 0.05 per cent of sulphur and also in a 
Tammana furnace without a protective atmosphere 
(and without admixture of sulphur), globular graphite 
does not form. Thus it has been shown, by direct 
methods from these experiments, that the formation 
of flake graphite is connected with the presence of 
sulphur and also, apparently, of oxygen in the cast 
iron. Proceeding from this, it may be concluded 
that the flake form of graphite in common grey cast 
iron appears as a consequence of the presence in it 
of the impurities, sulphur and oxygen. The formation 
of globular graphite during the treatment of cast iron 
with a modifier (for example, magnesium) occurs as 
a result of the cleansing of the melt of the afore- 
mentioned impurities and consequently of adding to 
it a modifier with an insoluble chemical base (MgS, 
MgO). The purification might also be the result of 
the flotation process, which accompanies the pass- 





** Similar results were obtained in [7]. 
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age of bubbles of steam from the modifier through 


the melt. 


FIG.1. Structure of graphite globules by polar- 
ised light in cast iron smelted in a vacuum from 
pure starting materials (x 500) 


The mechanism of the action of sulphur on the 
crystallization of graphite becomes clear during the 
examination of cast iron containing radioactive sul- 
phur 35S by autoradiogram. A comparison of the 
micro-autograph of cast iron containing flake graph- 
ite, with the microstructure of a section of the same 
portion shows that sulphur is concentrated in the 
graphite. A print of the flake graphite from the radio- 
graph often consists of separate spots. This shows 
that part of the sulphur occurs in the flakes in the 
form of inclusions (Fe, Mn)S. 


FIG.2. Microautoradiograms (a) and microstruc- 

ture (b) of cast iron (4%C, 2.9%Si, 0.7% Mn, 

0.2% P, 0.06% 5S), containing radio active sul- 
phur S- 35 (x 25) 
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Micro-autoradiograms of cast iron containing glo- 
bular graphite showed that sulphur is not a con- 
stituent of the globules. 

The enrichment of flake graphite by sulphur can 
be explained by two causes: 

1. The crystallization of graphite in the inclusions 
(Fe, Mn)S; 

2. The adsorption of atoms of sulphur dissolved 
in the melt at the boundaries of the diversion be- 
tween graphite and melt and by the subsequent hold 
of these atoms on the crystallization network of the 
graphite. 

Adsorption of sulphur must decrease the surface 
tension at the boundaries between the melt and the 
graphite. This is noted in work (8) from the decrease 
of the angle of moistening of graphite in cast iron 
smelted, with an increase in the content of sulphur 


aS a consequence. 


F1G.3. Fringe of flake graphite at the crucible 
wall in cast iron (2.7% C, 5.5%Si, 0.002%S), 
treated with calcium (x 100) 


Both these causes, the decrease of surface ten- 
sion at the boundaries between the melt and the 
graphite and the presence in the cast iron of a nuc- 
leus of crystallization for the graphite in the form 
of inclusions (Fe, Mn)S, render impossible the 
supercooling of cast iron to any appreciable extent. 

In treatment with a modifier the melt is cleansed 
of the sulphur in solution in it, which must be ad 
sorbed at the boundary line between the graphite 
and the melt. Furthermore, the sulphur present in 
the melt in the form of the inclusions (Fe, Mn)S 
proceeds to make other combinations, which do not 
appear at the nucleus of crystallization of the 
graphite. As a result of this, in modified cast iron, 
just as in a pure alloy Fe —C —Si (not treated with 
a modifier) a great degree of supercooling is ob- 
tained as compared with iron containing flake 
graphite. Actually, the reduction of the tempera- 


6 
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ture of eutectic crystallization in cast iron, treated 
with magnesium, is noted in works |9, 10]. Hence 
it is evident that the formation of spherulite 
graphite with the characteristic radial structure 
occurs under conditions of appreciable supercool - 
ing, as distinct from the crystallization of flake 
graphite. 

The influence of the degree of supercooling on 
the form of graphite can also be seen from the 
following experiment. In an ingot of cast iron 
weighing 100 g containing globular graphite, 
melted and cooled in a Tammana furnace, graphite 
had a flake form in the zone adjacent to the wall 
of the crucible (Fig.3). This can be explained by 
the generating action of the walls of the crucible 
near to which there was the degree of supercool- 
ing of the cast iron necessary for the crystalliza- 
tion of globular graphite, Success was obtained in 
producing supercooling, which ensures the forma- 
tion of graphite of globular form, not only as a 
result of the increase of surface tension of the 
molten cast iron or the removal of the nuclei of 
crystallization, but also at the expense of the 
rapid cooling of the molten cast iron [11,12]. 
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FIG.4. Microautoradiogram (a) and microstruc- 
ture (b) of cast iron (2.7%C, 5.7%Si, 0.002% 5S) 
with globular graphite, containing radio active 


calcium Ca-45 (x 75) 


It is known that the formation of polycrystalline 
radial spherulites in other melts and solutions pro- 
ceeds only when there is much supercooling. 
Applying this general rule to the case of the cry- 
stallization of cast iron, it can be seen that the 
causes of the formation of globular graphite seem 
to lie in the marked supercooling of cast iron. The 
mechanism of the formation of spherulites of 
graphite in cast iron must be analogous to the 
mechanism whereby spherulites are formed in 
other supercooled systems. It is possible that, 
apart from its cleansing action, a modifier assists 
the supercooling of cast iron so that, adsorbed in 
the graphite, it hinders the action of the atoms of 
carbon in the growing crystals of graphite. For 
working on this assumption, evidence is provided 
by the enrichment of globular graphite by the 
modifier (*8Ca), as established with the aid of the 
autoradiograph (Fig.4). 
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LETTERS TO THE EDITOR 


BRITTLENESS IN METALLIC COMPOUNDS* 
(Received 22 March 1956) 


Metallic compounds, i.e. compounds of transition 
metals possessing uncompleted d-levels with light 
metalloids (B,C,N) are characterized by high hard- 
ness and chemical stability [1] and also by a high 
brittleness which makes it difficult to use them as 
technological materials (hard alloys, wear-resist- 
ing metal-ceramic compositions). 

The experiments described [2] determined the 
brittleness of a series of borides, carbides and 
nitrides of transition metals. Of all the materials 
examined, the most brittle was tungsten carbide 
and the least brittle titanium nitride. 

The present work was undertaken to determine 
the coefficients of linear expansion of several 
metallic compounds and to estimate their 
modules of elasticity according to the formula 
put forward by Frenkel [3]. In some cases the 
value for the elasticity modulus has been taken 
from the literature. In others it has been calcu- 
lated according to the formulae of Koster [4] 
and Debye-Valler [5], which approximate to the 
mean-quadratic displacement from the equilibrium 
positions of the molecules of the respective com- 
pounds in their cyrstal lattices when exposed 
to elastic stresses. The table also gives the 
values of the brittleness factor derived from the 
results of our experiments [2]. 

It can be seen from Table 1 that a reduction in 
the mean-quadratic displacement of the structural 
elements of the crystal lattice (i.e. a reduction in 
the mobility of these elements under elastic stress) 
produces an increase in the brittleness of the 
material. This relationship is clearly visible in 
Fig. 1. The reason for this is that under load the 
elastic stresses are unable to disperse over the 
whole volume of the crystallite aud become local- 
ized at the point of application, i.e. at the micro- 
scopic unevenness of the surface. 


Since metallic compounds can undergo practically 


no plastic deformation, and since the structural 
elements of the lattice can shift only within a very 





* Fiz. metal. metalloved. 4, No. 1, 181-182, 1957 
[ Reprint Order No. POM.27 ]. 
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FIG. 1. The dependence of the brittleness factor on 

the extent of the mean-square displacement of the 

structural elements of the crystal lattices of metal- 

lic compounds 

limited range without rupturing the bonds, as des- 
cribed in our paper [2], localization of elastic 
stresses produces fissure nuclei and:a further 
build-up of stress around them. This produces a 
rapid disintegration of the metallic specimens 
similar to “‘brittle fracture’’. 

It is obvious than an increased mobi lity of 
the structural components of the crystal lat- 
tice and, consequently, a reduction of the inter- 
atomic bond strength of these compounds must 
lead to an increase in their capacity for relax- 
ation of elastic stress, i.e. to a reduction in 
brittleness, and this is confirmed by our expe- 
riments (see Fig. 1). It may be further de- 
duced from Table 1 that the carbides of Nb, V and 
Ta must be significantly less brittle than the car- 
bides of Ti, V and Mo, which may explain the posi- 
tive effect of these carbides when added to hard 
compounds based on the carbides of titanium and 


tungsten. Let us consider the high value of Va? 
for chromium boride which presumably does not have 


a very high brittleness. 





Brittleness in metallic compounds 


TABLE 1. Mean-quadratic displacements of molecules in crystals of metallic compounds and brittleness 
of these compounds. 





Coefficient Modulus of Mean - quadratic Brittleness 

of linear brittleness lesiiasids displacement factor as 

expansion « E x 10° 5 Va found in [2] 
ax 10° (kg/mm?) 





Mo,C 4,40 54,/ 0.055 
WC 3,90 ; 0,058 
W,C 0,062 
si, © 4: a2, : 0,067 
ZrB, 8: 3! : 0,072 
Tif, 5 0,073 
‘f. 6 0,074 
NbC 0,076 
TaC 0,082 
VC 0,088 
TiN 0,09] 
CrB, 0,121 
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* Present Work 
** Determined by I.P. Fvteeva and C.D. Krasnenkova 


The results of the present work, in our opinion, order of 103 kcal/mole), the brittle strength is 
enable us to put forward some conclusions regard- affected basically not by bond considerations 
ing the principle of alloying solid components in at all but by the capacity of the crystal lattice 
metal-ceramic wear-resisting compositions and hard __ to relax elastic stresses. 
alloys. The alloys should include components which In the series of compounds titanium carbide— 
will promote some loosening of the crystal lattices boride —nitride the last has the largest value for 
the metallic compounds and a reduction in the mean-quadratic displacement of the structural 
strength of the interatomic bonds so as to effect elements of the lattice and hence a greater 
an increase in the mobility of the structural capacity toward dispersal of elastic stress and 
elements of the lattice and thus increase the a lower brittleness. 


capacity for relaxation of these materials and 
V. S. NESHPOR and G.V. SAMSONOV 
Institute of Metal Ceramics and Special Alloys, 
Moscow Kalanin Institute of 
may be found by examining the diffusion of the Non-Ferrous Metals and Gold 
various elements in crystals of hard metallic com- Academy of Sciences of the U.S.S.R. 


pounds, because the value of the activation 


lower their brittleness. 
\laterials which may be useful in this connexion 


energy of diffusion is in direct proportion to the 
loosening of the lattice. REFERENCES 
It is remarkable that titanium nitride is sig- 


nificantly less brittle than the carbide and - G.V. Samsonov Dokl. Akad. Nauk SSSR 93, 
689 (1953). 


- G.V. Samsonov and V.S, Neshpor Dokl. Akad. 
Nauk SSSR 104, (1955). 

- Ya. I. Frenkel Vvedenie v teoriiu metallov 

greater brittleness. Obviously, for metallic com- (Introduction to The Theory of Metals) GITTL 

pounds which have very high interatomic bond (1950). 


strengths owing to the strong overlapping of the - W. Koster Z. Metallk. 39, 149 (1948). 

dsp-function of the bonds of the atoms of the . L. Cartz Proc. Phys. Soc. B, 68, 959 (1955). 
transition metal with the p-functions of the . W. Koster and W. Rauscher Z, Metallk. 39, 111 (1948). 
electrons of the metalloid (bond energy of the . N. Engel Powder Metall. Bull. 7, 1 (1954). 


boride. This contradicts the opinions of some 


= 


authors [7] that nitrides, with a great propor- 


tion of ionic bonds, must be characterized by 





THE THEORY OF THE g- FACTOR IN FERROMAGNETIC METALS 


E.A. TUROV 
Institute of Metal Physics Urals Branch of the Academy of Sciences of the U.S.S.R. 
(Received 22nd August 1956) 


Kittel and Mitchell [1] have published results 
of their calculation of the interaction between fer- 
romagnetic 3d electrons and 4s conductivity elec- 
trons. They found that this interaction produces 
a shift in the resonance frequency which latter 
explains the dependence in ferromagnetic metals 
of the apparent value of the g-factor (determined 
by the equation Avo = guB Ho) on the frequency 
and also the nature of the disparity g — 2 > 2 — g’ 
By writing the 4s-3d interaction in the form 
A S. s(§ =the spin of the 3d shell of the atom, 3 = 
the spin of the conductivity electron), they found 
that as an approximation of the molecular field 
this interaction can be expressed as a supple- 
mentary internal field H; which acts on the magne- 
tization of the 3d electrons whereby 


H; = 3A?SN4/l6ppERFNs (1) 


where Ny and Ng represent the concentrations of 
the ions and the conductivity electrons respective- 
ly and Ef the Fermi energy of the 4, electrons. 

In our view it may not be without interest to 
point out that the existence of the //; field follows 
directly from the s-d interaction model of a fer- 
romagnetic [21 The magnitude of this field more 
correctly, the rotational energy of the spin of a 
3d electron in this field) has been calculated by 
us in connexion with another problem in paper 
[3]. According to this paper, the rotational energy 
of the spin of a 3d electron in an external field 
Ilo, taking the s-d interaction into account, 
equal to 


b? 


6-28 p42 +2) pple 


= 2pup (H,+ Hj) 
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ilere 6 represents the parameter of the s-d inter- 
action; p the relative magnetization of the d 
electrons per atom in Bohr magnetons; c = 2 €0/3v 
where ¢€o represents the Fermi energy at p = 0; 
v=N,/Ng, or the number of conductivity electrons 
per atom. At resonance hv» = €. It follows from 


(2) that 


Hy = 5 Ho — p)= His + Hi (3) 


At not very small values of p, when bu > ppl, 
we have for /; a formula analogous to (but not 
identical with) equation (1), 


Hy Hj, = 3b vp/2 coup (4) 


E\quation (4) differs from equation (1), first, in 
the opposite dependence on y, and second, in that 
Hj according to equation (4) depends on the spon- 
taneous magnetization p, and consequently, on 
the temperature. It is difficult for us to say any- 
thing on the reasons for this discrepancy since 
it is not clear how the authors of paper [1] arrived 
at equation (1). 

Near the Curie point (y » 0) 4; disappears, and 
consequently, the corresponding apparent addition 


to g 


Ges *S) 
LB Ho 


which characterizes the dependence on the reson- 
ance field H,, should disappear also. In this case, 
according to equation (3), the s-d interaction 
produces an apparent addition to g 


(Ag, -2) 


which does not depend on Ho. 

From the observed values of \ g = (g — 2) — 
(2 — g’) it follows that H; is approximately 100- 
500 oersteds so that 5 is of the order of 107*S 
to 10-'4 ergs. The former figure is in accordance 
with the values of 5 used by the writer in paper 
[4]. It also shows that the addition to g which is 
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independent of //, is so small that in practice it 
cannot be taken into account even when p~0, in 
which case Ag,~ 0. 

The disappearance of H; at the Curie point 
predicted by equation (4) is in agreement with 
paper [5] in which the authors discovered a jump 
in the g-factor in colloidal nickel when passing 
through the Curie point. 

In conclusion, we would mention that it is in- 
teresting to generalize present ideas relating to 
the g-factor of ferromagnetics in the case of 
binary ferromagnetic alloys. By using a generali- 
zation of the s-d interaction model as carried 
through in paper [6] the dependence of H; on the 
composition and degree of long-range order of the 
alloy can be found. 


Translated by Mr. iletherton 
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INVAR CAN BE MADE HEAT-TREATABLE BY ALLOYING * 


A.Z. IVANUSHKINA and B.G. LIVSHITS 
(Received 24 July 1956) 


In 195] a paper was published by TOMAS [1] in which he showed that in many single-phase 
alloys a supercooled solid solution has a lower electrical resistance than a solution which is 
stable at low temperatures. Transition from one state to the other is quite reversible. The author 
suggested that at low temperatures inhomogeneous regions form (atomic segregations) with linear 
dimensions of the order of the electron wave and that the additional electron scattering at these 
segregations increases the electrical] resistance of the solid solution. The low-temperature state 


was called by the author the K-state. 


In 1953 LIVSHITS and RAVDEL [2] showed that the K-state can be obtained in the ordered 
solution FeNi, when some molybdenum (1 -6 per cent by weight) are incorporated in the latter, At 
less than ] per cent the degree of order is reduced; it reaches zero and at over | per cent it 
passes into the K-state (all with low-temperature annealing ). 


The present writers have found that the K-state 
can be obtained by alloying in a single-phase 
alloy in which, without alloying, there is neither 
ordering hor even any phase changes. As analloy 
of this kind Invar (36 per cent Ni, balance Fe) 
was taken. Many of its properties (electrical re- 
sistance, saturation magnetization, modulus of 
elasticity, etc.) are not affected or practically 
not affected by heat-treatment (quenching, tem- 
pering, annealing) and cold working. When molyb- 
denum (up to 8 per cent by weight) or niobium is 
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introduced into the solid solution, the properties 
of the single-phase alloy are altered within wide 
limits after quenching and annealing, cold work 
and recrystallization. This refers to the hardness, 
toughness, density, modulus of elasticity, temp- 
erature coefficient, electrical resistance, etc., 
whereby the electrical resistance is higher for the 
the low-temperature stable state than for the 
super-cooled ‘solution. Consequently, there are 
clear indications of a K-state. The authors 
assume, with Tomas, that with slow cooling 
intracrystalline segregation occurs in this alloy. 
It should be possible to observe this from the 
branching of the Curie point as in the case of 





Calculation of the Curie point shift under pressure from magnetostriction data 


Mo-Permalloy on which M.V. Dekhtyar presented 
a paper in 1956 to the Conference on the Physics 
of Magnetic Phenomena. 


Ke Tin-Sui pointed out in the discussion at 
this Conference that the K-state may be the re- 
sult of uphill diffusion (i.e. the Konobeeviskii- 
Rovenskii effect which is obtained by the cold- 
working of solid solutions). In the cases reviewed 
the stress field develops in the absence of cold 
work owing to the presence of lattice defects the 
concentration of which is a function of tempera- 
ture and treatment. 


Consequently, the K-state can be obtained in 
both ordered and disordered solutions provided a 
small amount of a third component has been intro- 


duced. 


Fig. 1 shows the change in electrical resis- 
tance of quenched Invar with 8 per cent Mo after 
annealing at different temperatures. 
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CALCULATION OF THE CURIE POINT SHIFT UNDER PRESSURE FROM 
MAGNETOSTRICTION DATA * 
K.P. BELOV and I.K. PANINA 
(Received 28 June 1956) 


In the present letter we describe a new method 
of calculating the Curie point shift under 
pressure from measurements of magnetostriction. 
This method is stricter than the one proposed 
earlier [1 ] and consists in the following 


In the paper [2] based on the theory of secend- 
order phase changes, an ewation was derived for 
the curve of the actual magnetization near the 
Curie temperature, taking into account elastic 
stresses acting on the ferromagnetic material: 


(a + yAp)o + Bo =H (1) 


Where o represents the specific maynetization; 
Ap the hydrostatic pressure; a and ,} thermo- 
dynamic constants which depend on temperrture 
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such that a=ay(7 — 0), and y the magneto- 
striction constant determined from the relation- 


ship A; = — yo? the latter relationship also 


6 
following from thermodynamic principles (cf. 
[2]). Conse-wently, the action of elastic 
stresses is expressed by a change in the value 


of coefficient a,, in equation (1), whereby 


P 


a 


p gba + yAp = a‘g(T-8@) - yAp. 


In accordance with thermodynamic theory 
[3] at the ferromagnetic conversion ay > 0, 


whence we have 


a9 (0,-8) + yAp = 0. 


By substituting .\0@ for ( On-9), we obtain 


(2) 
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FIG.]. Dependence of magnetostriction near 
the Curie point on the square of the specific 
magnetization for the 36 per cent Ni, 64 per 
cent Fe alloy. 


Therefore, by determining y from the curves 
of magnetostriction, the square of the actual 
magnetization near the Curie point, and the 
values of ag from the curves of the temperature 
relationship a [4], we can calculate the values 
of AG By way of example, Figs. 1 and 2 show 


P 
the magnetostriction vs. square of the magneti- 


zation curves and the a (7) curve for one of the 
alloys investigated by us. Coefficient y was 
determined from the slope of the straight lines 
in Fig.1, and coefficient a‘g from Fig.2 by 
drawing the tangent to the point where a= 0 
(i.e. for T = Op)- The sign of the Curie tem- 
perature shift depends on the sign of the mag- 


netostriction constant y and the type of elastic 
stress (ag is always positive). 












































a 
FIG.2. Dependence of the thermodynamic co- 


efficient a@ on T near the Curie point in the 
36 per cent Ni, 64 per cent Fe alloy. 





In the table we have given the values of the 
Curie temperature shift under pressure as cal- 
culated from equation (2) for several alloys in- 
vestigated by us. We have also given there the 
values of ie obtained by Patrick [5] and those 


calculated from the effect of unilateral elastic 
deformation on magnetization in the region of 


the Curie point [1 J. 


TABLE 1. 





Material 


A6/Ap x 10° (°C/atm) 
according to: 


Eq. (2) Eq. (1) ref. [5] 








29% Ni, 71% Fe 

32% Ni, 

33% Ni, 

36% Ni, 

29% Ni, 

31% Ni, 

31% Ni, 

36% Ni, Fe, 1% Mo 
36% Ni, ~ Fe, 2% Mo 
36% Ni, 60% Fe, 4% Mo 
35.8% Ni, 58% Fe, 6.2% Mo 
32% Ni, 66% Fe, 2% W 
32% Ni, 64% Fe, 4% W 
32% Ni, 62,5% Fe, 5.5% W 
32% Ni, 66% Fe, 2% Si 
97.6% Ni, 2.4% Si 

Monel (72% Ni, 28% Cu) 





- 5.6 - 5.8 
- 5.5 
- 5.1 
- 4.0 
- 7.8 
- 5.4 
- 5.4 
= 3,0 
- 5.8 
- 4.2 
- 3.6 
- 5.4 
- 4.9 
- 4.8 
- 4.1 
+ 0.68 
+0.3 
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THE INFLUENCE OF HOT DRAWING, WITH SUPPRESSION OF AUSTENITE 
RECRYSTALLIZATION, ON THE TOUGHNESS OF STRUCTURAL ALLOY STEEL” 


E.N. SOKOLOV and V.D. SADOVSKII 
Institute of Metal Physics, Urals Branch of the Academy of Sciences of the U.S.S.R. 
( Received 2nd November 1956) 


The reversible temper brittleness of structural 
alloy steels is lowered when the steel has been 
deformed plastically in the austenitic state and 


also quenched for suppress ing the recrystal- 
lization of the worked austenite [1-3 ]. 


Besides the increased toughness after 
quenching in the dangerous temperature range, 
the treatment mentioned produces a change in the 
intercrystalline fracture at the austenite grain 
boundaries which occurs in temper brittleness : 
the fracture becomes fibrous without signs of 
brittle intercrystalline disruption, (3). 


So far all experiments in which the described 
effect of plastic deformation in the austenitic 
state combined with quenching has been observed, 


have been made by rolling. 


We carried out analogous experiments on a 
35KhGSA steel which was subjected to deformation 
by drawing. 


It was found that with drawing, just as in the 
case of rolling, the reversible temper brittle- 
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ness was diminished with not only an increase 
in toughness, but also a transition to ductile 
fracture without visible traces of brittle 
intercrystalline rupture. 


The sample was drawn in the austenitic 
state in a special fixture on a hydraulic press. 
In order to prevent austenite recrystallization, 
deformation was carried out at a high rate 
(5 mm / sec.) with rapid quenching immediately 


after drawing. 


The authors express their gratitude to M.I. 
Oleinik for assistance in carrying out the 


experiment. 


REFERENCES 


1. L.V. Smirnov, E.N. Sokolkov, and V.D, Sadovskii 
Dokl. Akad. Nauk SSSR. 103, 609 (1955). 


2. L.V. Smirnov and V.D. Sadovskii, Problems of 
Metallography and Heat Treatment,p. 120, 
Mashgiz, Moscow-Sverdlovski (1956). 


3, E.N. Sokolkov, Fiz. metal, metalloved., No.1, 
80 (1956). 





THE THEORY OF SOLID SOLUTIONS BASED ON TRANSITION METALS * 
I.N. BOROVSKII and K.P. GUROV 
(Received 30 October 1956) 


Studies of the electron energy spectra of solid 
solutions (investigation of the fine structure of 
X-ray emission and absorption spectra [1] and 
the influence on it of metal purity [2] and tem- 
perature [3] and of atomic mobility in solid 
solutions (investigation of the effect of concen- 
tration and temperature on diffusion characteris- 
tics [4] have shown that, when the basis of the 
solid solution is a transition metal, small con- 
centrations have an important effect on the 
properties mentioned. Our experimental results 
have led to the following conclusions. 

(1) In X-ray spectra of transition metals in 
solid solutions considerable changes occur in 
the wavelength and shape of the K— and L— 
absorption lines and the AB, and KBs emission 
lines. The effect is greatest at an admixture 
concentration of less than 0.8 atomic per cent, 
whilst it disappears at concentrations of the 
order of 2 atomic per cent and higher. 

(2) The fine structure of the Pb absorption 
line ‘melts’ noticeably with increase in tem- 
perature. At 200°C the entire fine structure 
practically disappears, but with 0.5 atomic per 
cent tin it is retained even at 200°C. ‘lhe effect 
disappears when the tin concentration is in- 


creased, and the conditions characteristic for 


pure lead are restored. 

(3) As Yu. G. Miller has shown, when the 
self-diffusion coefficient of a—iron is plotted 
against the admixture concentration, the curve 
has two minima and two maxima (the minima at 
less than ] per cent and between 0.5—0.8 atomic 
per cent and the maxima at 0.1—0.3 atomic per 
cent and at 2—3 atomic per cent), then becoming 
asymptotic as in the case of non-transition 
metals. The other transition metals have similar 
curves. 

These experimental facts and an analysis of 
the literature material (e.g. [5]) have led us to 
develop the conception that ‘blocks’ form in 
solid solutions having a low content of one con- 
stituent. 
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When the admixture is incorporated into the 
metal (by substitution or addition), it loses its 
outer ‘electrons to the ‘collectivized’ conducti- 
vity zone of the electron spectrum of the base, 
acuiring a charge generally opposite to that of 
the atomic shells of the metal base. The number 
of electrons lost depends on the position (on an 
energy scale) of the electron levels in the ad- 
mixture atom in relation to the electron spectrum 
of the base. The excess charge of the admixture 
(the potential can be of either sign) is considered 
as a disturbance producing a deformation of the 
conductivity zone and of the remaining zones of 
the electron energy spectrum of the base. This 
disturbing potential is short-lived. 


The deformation of the electron spectrum is, 
therefore, of a local nature, and as a result 
spatial redistribution of the conductivity elec- 
trons occurs (in order to equalize their energy 
according to the Fermi euation). ‘This redis- 
tribution affects also the electrons of the un- 
completed inner shells of the base atoms; in 
consequence, the charge of the latter is changed 
slightly in the region where the disturbing poten- 
tial is effective; “induced” admixtures appear 
with excess charges opposite in sign to that of 
the basic admixtures. As a result additional 
bonds appear between these admixtures, i.e. 
stable blocks form (short range order). Such 
blocks exist until the spheres of action of the 
disturbing potentials of the basic admixtures 
cease to overlap. In other words, there is an 
upper limit for the admixture concentration at 
which the blocks form. Let us call the ad- 
mixture concentration (atomic per cent) at which 
the spheres of action of the blocks touch Nin’ 
and the concentration at which complete over- 
lapping of the blocks occurs n,,,; let \’ and 
V’’ be the respective numbers of admixture atoms, 
N the number of lattice units, I’ the crystal volume, 
a the lattice constant, x the number of atoms per 
lattice unit, / the radius of the sphere of the 
block. Then for a body—centred lattice (x = 2), we 
shall have: 
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x 100; 


The last formula is very well realized for the 
first minima and maxima with all the experimen- 
tal curves obtained. The radius of action of ad- 


mixtures in a@—iron, calculated from, the first 


minimum, is of the order of 1O—17 A. In view 
of the unusually large radius of action, and also 
the presence of second minima and maxima on 
the curves of the self-diffusion coefficient, we 
arrived at the hypothesis that, at first, solid 
solutions of the addition are formed and that 
only after long range ordering of the introduced 
admixtures has occurred, do energy conditions 
become more favourable for the formation of 
solid solutions of substitution whereby again 
blocks are formed, leading for a second time to 
a reduction in self-diffusion; then, with increas- 
ing concentration of the admixture the blocks 
dissolve completely. until a new long-range order 
is formed. 


The previous formulae hold good, only the con- 
centration of the substitution admixtures is not 
calculated from zero on the abscissa, but from 
the concentration at the point of the first maxi- 
mum. The radius of action of the substitution 
admixture is found to be of the order of 4—8 A. 


The difference in the radius of action of ad- 
dition and substitution admixtures may be due 

to the difference between the “excess” charges: 
with addition admixtures it is equal to the actual 
charge, whilst with the substitution admixtures 
it is equal to the difference between the admix- 
ture charge and the charge of the atomic shells 
of the base. 


These results, in our view, may play an im- 
portant part in the development of the physical 
theory of alloying. 


A detailed account of the experimental data, 
their interpretation in the light of the hypothesis 
developed by us, and also the mathematical 
treatment of our theory will be communicated in 
subsequent articles. 


REFERENCES 


. Report of the Laboratory for Physical Methods of 
Investigation of the Institute of Metallurgy of the 
Academy of Sciences of the U.S.S.R. for 1954; 

I.B. Borovskii, K.P. Gurov, S.A. Ditsman and 
V.A. Batyrev. “Abstracts of Reports of the Fifth 
All-Union Conference on the Use of X-Rays for the 
Investigation of Materials”, Leningrad (1955). 


. IB. Borovskii, S.A. Ditsman and V.A. Batyrev 
Proceedings of the Tenth All-Union Conference on 
Heat-resistant Materials, lzd. Akad. Nauk SSSR. 


I.B. Borovskii and G. Ronami Proceedings of the 
Tenth All-Union Conference on Heat-Resistant 
Materials, Izd. Akad. Nauk SSSR. 


I.B. Borovskii and Yu. G. Miller “Investigations 
on Heat-Resistant Alloys” Vol.2 (In Press). 


J. Friedel Advances in Physics 3, No.12 (1954). 


. IB. Borovskii and K.P. Gurov /nvestigations on 
Heat-Resistant Alloys Vol.2 (In Press). 


e 








THE INFLUENCE OF AUSTENITE DECOMPOSITION ON THE 
DIFFUSION RATE OF HYDROGEN IN STEEL* 


R.A. RYABOV and P.V. GEL’D 
Urals Polytechnic Institute im S.M. Kirov 
(Received 29 June 1956) 


It is well-known that the decomposition rate 
of austenite in steel can be increased substan- 
tially in certain temperature ranges. Since 
diffusion is a structure-sensitive process, dia- 
grams indicating the temperature dependence of 
the diffusion rate of hydrogen in different steels 
should reveal anomalies in temperature ranges 


—Inp 


formation). The results obtained with a 34Kh 
NIM steel (Fig 1b) show that under the given 
cooling conditions only the second phase of the 
transformation occurs. Similar anomalies cor- 
responding to the first and second phases of 
the transformation were observed also with a 
number of other steels, e.g. 34KhN3M and 
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where the decomposition rate of austenite 


becomes high. 


Thisis confirmed by results of the present in- 
vestigation in which the diffusion rate of hydro- 
gen was measured through steel specimens in the 
shape of cylindrical membranes. 


Fig.1 (c), gives the results of isobaric 
measurements of the diffusion rate of hydrogen 
(p = ] atm) in the temperature range 600 - 1300°K 
in a 34KhN2M steel, In P being plotted against 
10°. where P is the diffusion rate in cm* H,/ 

- ’ 

cm?/sec and T the absolute temperature. The 
anomalies are clearly visible near 1000°K (lst 
phase of austenite transformation) as well as in 
the range 700 - 750°K (2nd phase of the trans- 
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FIG. 1. 


37KhN3A. In all these cases the cooling curves 
are lower than the heating curves, the latter 
corresponding to hydrogen diffusion in the original 
structure. The relative elimination of the two 
branches is a unique measure of the completeness 
the austenite decomposition. Therefore, the 
heating and cooling curves come more closely 
together the more slowly the specimen is cooled 
or the longer it is held under isothermal condi- 
tions when the diffusion rate near the transforma- 
tion ranges is being measured. If held sufficient- 
ly long near 1000° K, the break on the graph in 

the range of the second phase of the transforma- 
tion should disappear. 


This is convinciagly illustrated by the curve 
of the temperature dependence of the diffusion 
rate of hydrogen in a 37Kh NSA steel (Fig. 1a). 
With rapid cooling of the specimen a break is 
observed only in the range 700 - 750°K (2nd 
phase of the transformation, curve 4). When the 
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steel is cooled at a slower rate, the break occurs 
in the range 1000°K. (1st phase of the transforma- 
tion). When the specimen is held longer at a tem- 
perature in this range, the first phase predomi- 
nates increasingly (curves 3, 2, 1). 

The results obtained show that the removal of 
hydrogen from chromium-nickel steels depends 
strongly on the cooling conditions, and in parti- 
cular on the isothermal periods in the range of 
the first and second phases of the austenite trans- 


formation. This is of interest in connection with 


the problem of the hydrogen embrittlement of 


steel. 


(Translators note) 


34 Kh N2M probably means 34% Cr/Ni, 2% Vo 
34 Kh NIM 34% Cr/Ni, 1% Mo 
37 Kh N3A 37% Cr/Ni, 3% Al (?) 





THE EUTECTOIDAL DECOMPOSITION OF LEBOITE * 


ILN. STRUKOV and P.V. GEL’D 
(Received 28 September 1956) 


In a previous letter [1] we reported the ‘quite 
considerable influence of heat treatment on the 
stability of ferrosilicon. It was noted that the 
increased stability of silicon—rich ferrosilicon 
containing Al, P and Ca was connected with 
leboite transformations. To elucidate the nature 
of these transformations, dilatometric, micro- 
scopic and X-ray investigations were made as 
well as measurements of the integral thermo- 
e.m.f., the specific electric resistance and the 
microhardness. As a result of these investiga- 
tions it was found that in quenched alloys a 
metastable leboite develops which tends towards 
supercooling (2). If heating follows (at a rate of 
3—4°/min), it produces a eutectoidal decomposi- 
tion (beginning at 650°C) with the formation of 
Si and FeSi,. Numerous dilatograms taken on 
quenched alloys show that, beginning at 650°C, 
a rapid volume increase occurs connected with 
the formation of the two new phases. The 
heating curves of specimens which have been 
subjected to a stabilizing annealing at 850°C 
show that the temperature range of lehoite 
stability depends on the silicon content of the 
alloy 

It has been explained that leboite, in alloys 
containing less than 50 per cent Si, is stable 
only above 950°C., but in silicon—richer alloys 
above 915—925°C. In the former case heating of 
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the quenched alloys produces leboite decomposi- 
tion in the temperature range 650—750°C accord- 
ing to the reaction: leboite + FeSi, + Si, and the 
thermo—e.m.f. changes sign. Approximately from 
750—950°C., when conditions for diffusion are 
considerably improved, the following reactions 
predominate: 

leboite + FeSi > FeSi, 

FeSi + Si + FeSi, 
These are accompanied by a volume contraction 
which is clearly seen on the dilatogram, and by 
a new change of sign of the thermo—e.m.f. Nhen 
high—silicon alloys are heated in the range 650— 
925°C., only the reaction leboite + FeSi, + Si 
occurs which produces a considerable volume 
increase and a sharp rise in the absolute value 
of the thermo—e.m.f. Dilatometric and micro- 
scopic investigations of specimens cooled at 
different rates indicate clearly that the 
leboite decomposition has a eutectoidal nature. 
For example, the dilatograms of one alloy (55.2 
per cent Si) taken at gradually reduced rates of 
cooling show the development of steps which 
correspond to the increasing amount of leboite 
decomposed. Similarly, polished specimens 
prepared after each experiment, show an in- 
creasing number and size of zones which have 
undergone decomposition. Lastly, the largest 
step on the cooling curve corresponds to the 
surface of a polished specimen which consisted 
entirely of a eutectoidal mixture of the two 


phases 
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Alloying additions of Al, P and Ca retard the 
decomposition rate of leboite. 

The results obtained agree with the statements 
of N.Kh. Abrikosov on the nature of transforma- 
tions in ferrosilicon and with the constitutional 
diagram proposed by him. 
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THE PROCESS OF ORDERING IN AN FE,Al ALLOY 
Ja. P. SELISSKII 


Central Scientific Research Institute of Ferrous Metallurgy 
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The process of ordering in an FeAl] alloy 
(24.3 at % Al) was studied by measuring volume 
changes connected with the formation or destruc- 
tion of the superstructure, and from thermomag- 
netic curves. The volume effects were investi- 
gated by two methods: (1) dilatometrically on a 
differential Chevenard dilatometer vith heating 
to 1000°C and cooling; and (2) by X-rays with 
precision measurements in a Preston chamber 
(d = 172 mm) of the lattice spacing of powders 
which had been quenched from different tempera- 
tures, after stepwise heating. The thermomag- 
netic curves were taken on an Akulov aniso- 
meter 

When heating samples which had been 
quenched from 700 - 850°C a volume contraction 
begins to occur at 180°C., connected with order- 
ing. The sharpest volume contraction was ob- 
served in the range of 260 - 285°C. At higher 
temperatures the volume change changes sign in 
connection with incipient disordering. [ong- 
range order disappears in the alloy at 546°C which 
which is connected with a kink at this tempera- 
ture on the dilatometric curve (Fig.1 a) and on 
the curve of the lattice spacing against quench- 
ing temperature (Fig.1] b). The Curie temperature 
of the alloy is found on the thermomagnetic curve 
at 610°C (Fig.l c). The dilatometric curves show 


another kink at this temperature 
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With cooling at an average rate of 25° /hour, 
hysteresis of the transition point from the dis- 
ordered to the ordered state does not exceed 
the experimental error. Ordering on cooling is 
completed in the range of 300 - 250°C. 

The length of the specimen and the lattice 
spacing change continuously with temperature, 
and no sudden changes whatever were observed 
in the range of the transition temperature. In 
special dilatometric and X-ray tests with long 
isothermal periods at different temperature 
stages it was found that with an average cooling 
rate 25° /hour the alloy reaches a state of equili- 
brium at temperatures from 550° to 250°C. 

The continuous nature of the expansion or 
contraction in the temperature range of dis- 
ordering or ordering and the sharp change in the 
coefficient of expansion when the long-range 


order disappears are in agreement with the data 


of Sykes and Evans [1] on the absence of latent 


heat and with the data of Bennett [2] on the mono- 


tonous character of the change in electrical resi- 
stance. All the experimental facts relating to 
the Fe;,Al alloy agree“with the predictions of 
the thermodynamic theory of second-order phase 
changes [3] on the possibility of such a phase 
change and give reason for believing that the 
transformation from the ordered to the disordered 
state in this alloy is not a normal first-order 


phase change. 


However, when the long-range order disappears 
the volume increase does not cease. A further 
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FIG.1. Change in volume and magnetization inten- 
sity in the Fe, Al alloy in connexion with ordering 
and disordering processes. 
(a) dilatometric heating and cooling 
curves; 
(b) relationship between lattice spacing 
and quenching temperature. 
(c) thermomagnetic cooling curve. 


T, — 180C, beginning of ordering on heating. 

T, — 260C, beginning of sharp volume contraction. 

T, — 290°C, end of sharp volume contraction.and 
beginning of disordering. 

T, — 370C, expansion of the specimen equal to 
expansion of the calibrated specimen. 

TH 546°C, disappearance of tne long-range order. 

Fi — 610°C, Curie temperature 

T),X — approx. 740°C, transition to the structure of 

T}.x,. a disordered solid solution. 

Tko appearance short-range order; 

To appearance of long-range order. 
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kink is found in the region of 740°C on the dila- 
tometric curves and on the curves of the lattice 
spacing against temperature. “hen the quenching 
temperature is reduced from 800° to 550°C, the 
lattice spacing is altered to 0.0013 kX, and from 
550° to 250°C it is altered to 0.0042 kX. Such 

a ‘two-stage’ change in the lattice spacing is 
explained by the fact that on the loss of the long- 
range order the short-range order is retained, '.e. 
the Al atoms are distributed at random in the 
centres of the cubic lattice units, occupying 
therefore the position of Al atoms in the lattice 
of the Fe Al superstructure. In the temperature 
range from 550° to 740°C the Al atoms begin also 
to pass from the centres to the corners of the 
cubic units, forming a completely disordered 
structure. Consequently, the kink on the curve 
at 740°C corresponds to the disappearance of the 
short-range order. 

When the alloy 1s cooled, long-range order dis- 
appears at temperatures below 546°C and a small 
step is found on the thermomagnetic curve which 
indicates a slowing-down in the growth of mag- 
netization intensity. This effect has been ob- 
served by Sykes and Evans [1] and Sucksmith [4] 
and is probably due to a mutual linkage between 
the progressing ordering and the slowing-down 
of the growth of the magnetization intensity which 
is at its greatest when the temperature at which 
long-range order arises and the Curie temperature 
are close together, From a thermodynamic point 
of view the short-range order is energetically 
more favourable in the range of the Curie tempera- 
ture than the closest proximity of the Fe atoms 
which is essential for the existence of ferro- 
magnetism 
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